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Introduction

The Ce-based intermetallic compounds stay in the foregrodrof interest already
several decades for their often uncommon and surprising laefor, especially in
low-temperature region. The only one # electron shielded by 8 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 teperatures, valence
uctuations, heavy-fermion behavior or unconventional sperconductivity. An-
other highly interesting phenomenon was found in several @ased materials:
the inelastic neutron scattering energy spectra display aadditional peak which
cannot be described in terms of pure crystal eld splitting.The rst observation
of such a peak was done on cubic CeAtompound and the physical model was
introduced to describe it soon after[]1]. The Thalmaier-Fdle model is based
on a strong CEF exciton-phonons coupling in the compound, vdh results in
a new quantum quasi-bound state, so called vibron state, realing itself as an
additional peak in the energy spectra of a compound|[1].

A strong magneto-elastic coupling of thef4 electrons resulting in a formation
of vibron state was observed only in a very few intermetallicompounds, e.g.
PrNi, [2], CePdAl; [3] or CeCuAk [4]. The vibron state in latter two materials
was observed quite recently and, in contrast with previousompounds, CePdAl,
and CeCuAk crystallize in the tetragonal crystal structure. The broadstudy of
these two compounds and their substitutions by means of magfic, transport
and mainly neutron scattering experiments forms the contémf this thesis.

The main idea of the study is to follow the development of vilan states with
the substitution of constituent elements in CeCuA and CePdAl, compounds
and to nd out the relation between the presence/developmefabsence of vibron
states and another microscopic and also macroscopic prajes of these materials.
In the same time, we investigate the crystal and magnetic sicture of studied
compounds and their development with temperature variatio. A broad eld of
experimental methods was used and their descriptions arecinded in the thesis
together with a comprehensive comparison of results with ather 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 descriph of experimen-
tal methods used during the study follows in chapter 2. Mostfahe methods
are commonly known and frequently used in condensed mattehysic research.
Therefore, we focus on techniques allowing the preparatiof studied compounds
as well as their structure and chemical characterization. tAhe end of chapter 2,
we describe the neutron scattering theory and experimenta imore details as
these experiments were essential for our understanding abperties of studied
compounds.

Chapter 3 consists of previous results on the Ce-based compds belong-
ing to the same family as CeCuAl and CePgdAl,. This chapter also gives the
description of vibron states in CeAl and CeCuAk compounds. The following
chapter 4 then contains the main part of the thesis. It compses every phase
of the study on investigated compounds starting from the saohe preparation,
through the structure and chemical characterization, the masurement 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 tem contains the
outcome concerning CeCuAl compound and its substitutions and second one
then consists of the results obtained on CeBRAl, single crystal and Al-Ga sub-
stituted compounds. The appropriate discussion is givenrf@ach part of the
thesis. The short conclusive chapter then summarizes maiasults of the study.

The thesis does not contain the results on several substied compounds
investigated in course of Ph.D. studies of the author. The westigations of
structural and bulk magnetic properties of Ce(Cu,Au)Ad and CeCu(Al,Ga) se-
ries, superconductivity of LaPd(Al,Ga), compounds or pressure experiments on
CePd,(Al,Ga), compounds are not included in the thesis to increase its read
ability and clarity. These results are summarized in our pagrs listed within the
thesis and summarized at the end of thesis.



1. Theoretical background

1.1 Materials with 4 f electrons

The chemical elements with partially lled 4 shell attract an attention already
several decades.f4metals belong between elements with natural magnetic order
together with transition d-metals and 5 elements. They are often called rare-
earth metals or lanthanides, although e.g. La does not comtaany f -electron.
On the other hand, we can consider the lanthanum, to some erte for the 4f
element with empty 4 shell. It could be very convenient in cases, where the
non-magnetic analogue off4 element-based metal is needed for the estimation of
physical properties bounded with the crystal lattice.

The magnetic properties of ## elements are strongly in uenced by the number
of electrons in 4 shell. The same applies for the ionic radius of these elem&nt
so called lanthanide contraction takes place in these maials. The ionic ra-
dius decreases with increasing atomic number (number of @i®ns in 4f shell).
Nevertheless, lanthanides exhibit very similar chemical pperties externally. A
reason behind such a behavior is found in the electronic stture 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), ithe case of rare-
earth elements, # shell is shielded by outermost $and 5 orbitals. Such an
electronic structure stays behind above mentioned propeégs of 4 elements and
has a great impact on their magnetic properties. Well shieddl 4 electrons lo-
calized relatively close to the nuclei interact with other soms indirectly, only.
Ruderman-Kittel-Kasuya-Yosida interaction (RKKY) considering the hybridiza-
tion of 4f states with spins of conduction electrons is generally resmsible for
the magnetic ordering in rare-earth based materials. Nevéwmtless, one should
take into account also other indirect interactions as supekchange interaction
in oxides and uorides or exchange interaction betweendstates of rare-earth
element and other elementl-states.

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

q_ —
e =% JU 1) s (1.1)

g; is Lance factor re ecting mutual orientation of total angular momentum J,
orbital momentum L and spin momentumsS in real space (see FigureZ1.1) de ned
as:

JAJ+1)+ S(S+1) L(L+1)
2J(J +1) '

J = jL Sjfor4f shell lled from less than one halfJ = L+ S for more than half-
lled 4f shell. g isthen the electron magnetic dipole moment usually calleddBr
magneton. Such a de nition of . is valid for the material in the paramagnetic
state and in non-zero external magnetic eld. The randomly ented magnetic
moments are in uenced by applied eld leading to the non-zermagnetic moment
of the material. . for Ce** free ion is equal to 2.54 ;.

Q=1+ (1.2)
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Figure 1.1: The mutual orientation of total angular momentumn J, orbital mo-
mentum L and spin momentumsS in external magnetic eld oH.

Another physical quantity, which could be calculated, is th@rdered magnetic

od = QJd B! (1.3)

Compared to the e ective magnetic moment, 4 is calculated for magnetic ion
in ordered state and represents the upper limit of magnetic @ment possibly
obtained for magnetic material. oq = 2.14 g in the case of C& free ion.

1.2 Crystalline electric eld

The crystal electric eld is generally described by the CEF Hailtonian and can
be calculated from rst principles. We give here the basic deription as the
formalism will be used in following chapters. CEF Hamiltonia consists of the
sum of multiple CEF parameters B/}, and Stevens' operators@rr;], (representing
4f shell):

X
Fcer = B%@%Z (1.4)
mn
B[ are real numbers and the Stevens' operators are operatorsiag on the
electron states. The number of independent CEF parameters ets with the
symmetry of crystal structure: the higher symmetry means s CEF parame-
ters. In the case of tetragonal and orthorhombic point symnte (the case of

compounds studies in this thesis), the equatidn1.4 is simpd to:

ASE = BIGD+ BYOY+ BIOI+ BYBD+ B  (15)

FERTom™e = BO3+ BIOZ+ B3O+ BIOf+ B0+ BB+ BLOZ+ B O+ BOX:
(1.6)
For Ce-based compounds the previous formulas are even marei ed:
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R S0 = BYOY+ BIGS + BIGL )

Aggeroroe Ce = BYG) + BIOF + BJO + BIOT+ BIOL  (LB)
as the Stevens operatoré are zero.

Localized character of # electrons stays behind a very similar physical prop-
erties of the free ion and the compound which includes thé &lement, including
the energy levels or e ective magnetic moment. Crystal el eld gives a rise
to a strong magnetic anisotropy observed in rare-earth mdsgand removes the
degeneracy of energy multiplets of thef4ions. The symmetry of the crystal
structure plays a crucial role here as the CEF has the same pbisymmetry.
Note, that the symmetry of crystal structure in 4 element-based compound is
not necessarily the symmetry of CEF as thef4atoms in the compound could
occupy lattice sites with lower symmetry. The crystal elecic eld then removes
a directional degeneracy of energy multiplets inf4atoms according to CEF sym-
metry. See Figurd_LPR with the C& ion as an example. Free ion remainsi21
times degenerated. This degeneracy is removed by crystagatic eld in the
compound. The energies of CEF splitting in 4 based materials are counted
generally in units or tens of meV (milielectronvolt). Such eergies 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 frequity used in theoretical
calculations.

- - L
J=L+S= 5
—
/ 8-fold
y degeneracy
GS term /
3+ /
of Ce /
14-fold \ ~0.1 eV
degeneracy \\
\
\

\

\ _ _ 5 / 2-fold
\J=IL-SI= >/
_ A,
6-fold \_ 2-fold $ A,
degeneracy N\
2-fold
spin-orbit
coupling CEF

Figure 1.2: The schema of energy levels splitting in €eion. Spin-orbit coupling
and in uence of crystal electric eld (CEF) on ground state nultiplet are depicted.

Ce-based compounds exhibit always the splitting into maxiom three energy
levels, see Figuré_1l2. (The splitting into doublet and quéat is realized only
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for the cubic structure.) The reason for such a splitting isdund in quantum
mechanics. Kramer's theorem of degeneracy says, that alleegy levels in time-
reversal invariant systems have to be double degeneratea, iif 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 amber
of fermions (it includes free ion or a system with odd numberf @lectrons). The
external magnetic eld removes the degeneracy of energy éds.

The CEF parameters,B/}, and corresponding energy levels splitting are quite
routinely calculated from point charge model and known cryal structure of
compound. CEF parameters determined from the measuremerd.§. inelastic
neutron scattering or magnetic susceptibility) are the samas theoretical ones
in ideal case. In real materials, we observe small di erere@lue to non-ideal
distribution of elements and other defects in the crystal. fie great importance
has the valence state of the f4 element. Cerium ion exhibits usually valence
number 3+, but it can loose one electron and become €e The same applies
e.g. for YB?* | Yb3*. The valence state is generally not the same for all ions
(of the same element) in the compound leading to the non-irger 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,ovever, occur only
at su ciently low temperatures where magnetic interactiors outweigh the ther-
mal uctuations in the material. Above the magnetic orderingtemperature the
compounds behave as paramagnets, below ordering temperatgeveral magnet-
ic orders could be realized: ferromagnetic, antiferromagtic and ferrimagnetic
(i.e. uncompensated antiferromagnetic) order. The tempature of the transition
from paramagnetic to ordered state is called Curie Tempenate, Tc, for ferro-
magnet and Neel temperature, Ty, for antiferromagnet. The magnetic dipoles
are identically oriented in ferromagnet, whereas more cotigated magnetic mo-
ment arrangements can be found in antiferromagnetically dered material. The
magnetic dipoles in antiferromagnet could be reoriented bgxternal magnetic
eld (typically quite strong) which leads to the metamagneic transition to the
ferromagnetic state.

The arrangement of magnetic moments in the compound (at terepatures
lower than T or Ty) is periodic and forms its magnetic structure. The magnetic
structure can be easily related to the crystal structure ofte compound. The
crystallographic unit cell is the smallest possible unit ¢keof magnetic structure.
For the ferromagnetic material, the crystallographic and ragnetic unit cell coin-
cide as all the magnetic moments are oriented to the identicdirection in space.
The di erent directions of magnetic moments in the antiferomagnet then often
lead to larger magnetic unit cell. One can introduce the rabi between crystallo-
graphic and magnetic unit cell, so called propagation veatof magnetic structure
K. The components of propagation vector are determined as thatio between
the size of crystallographic and magnetic unit cell in apppiate direction. When
both unit cells are identical, propagation vectoik = (0, 0, 0).

The introduction of propagation vector is of great importage ask is the
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vector of reciprocal space and can be used in scattering tinedormalism. The
magnetic moment onj " atom in the unit cell is described as:

X

j = M e kT (1.9)
frg

where M« is a complex basis vector directly determined from propagah vector

and position of thej" atom in the unit cell. T is the lattice translation vector
associated with the position of the magnetic moment. Summian is done over all
sets ofKk-vectors as the magnetic structure could be described by neothan one
propagation vector. Generally, the magnetic structure cdd be very complex,
including incommensurate (the magnetic structure is not comensurate with the
crystallographic one) or modulated structures describedylpropagation vectors
with irrational components.

The equation[1.9 is signi cantly simpli ed in case when them, ; is real. Mag-
netic moment ; have to be real as it is the physical quantity. Therefore the
imaginary part of exponential must (i) equal to zero or (ii) encel each oth-
er with imaginary part of exponential corresponding to the ppagation vector

K. The rst scenario is realized for simple magnetic structes and implies the
commensurate magnetic structure, the second one then asastwo propagation
vectors: K and K and leads to amplitude modulated magnetic structure.

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

1.4 Cerium and Ce-based compounds

The cerium atom with electron con guration [Xe] 4 15d'6s? represents very spe-
cial case among the rare-earth elements. Only oné électron screened by outer-
most 5 and 5 orbitals stays behind unique and often exotic physical praties
of Ce and Ce-based compounds. Although thd Zlectron is shielded by outer-
most electron levels, the in uence of magnetic eld, tempature, pressure and/or
chemical pressure on compound could lead to the transitiori 4f electron from
its localized state to the conduction band. The valence nuneb of the ion is then
changed from C& to Ce** and cerium becomes non-magnetic. Together with
the loss of magnetic moment, also the crystal electric eldsichanged. Moreover,
the real sample is not ideal as it contains defects and stoiometry variations.
Also the crystal structure itself (its symmetry) may cause tle occupation of some
atomic positions preferentially with Cé* and other positions with Cé*. Such
electron con guration in the compound is called mixed-valece state and could be
e ectively detected by microscopic measurements, e.g. nean scattering tech-
niques allow to distinguish between atomic sites with di eznt values of magnetic
moments. The cases, when the both con gurations have nonraeprobability
and ions are varying between them, are referred to as a valenaictuating state.
The average life time of each con guration is so short that ngh experiments can-
not distinguish between them. The compound then reveals a manteger valence
state.



The consequences of valence state instability of Ce lead igrs cant changes
in physical properties among Ce-based compounds. Oftengtbompounds exhibit
a mixture of Ce* and Ce&* ions. If the content of 4+ valence ions reaches certain
value, the magnetic ordering is lost and the compound stayn-magnetic even
at very low temperatures. The situation, when the total valace of cerium ions
in the compound subtle diers from 3+, happens quite often: he compound
orders magnetically, usually at low temperature, and exhits properties often
quite di erent from these expected for purely magnetic congund.

High temperature Low temperature
weak coupling strong coupling

A

Y

4f conduction
electron electron non-magnetic state
spin spin

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

The two mechanisms compete in Ce-based compounds frequgnti) the in-
teraction leading to the magnetic order, generally of RKKYype, and (ii) so called
Kondo interaction (see Refs.[]6] and 7] for detailed degation). The conduction
electrons scatter on the localized magnetic moments in theetal, which leads to
the formation of electron singlets (see Figure_1.3). The Kdo singlet consists
from one 4 electron and one conduction electron with oppositely oriéed spin,
the magnetic moment of whole singlet is equal to zero. Howeyéhe coupling
between electrons is only weak at high temperature (the coaction electrons
pass by magnetic electron with the Fermi velocityg) and becomes stronger with
decreasing temperature, see Figure_1.3. A typical behavibounded with Kondo
singlet creation in the compound can be traced: the logarithic temperature
dependence of the electrical resistivity, reduced sizestbe magnetic moments
in the magnetically ordered and paramagnetic state or strgly enhanced Pauli
paramagnetic susceptibility and electronic coe cient of he speci ¢ heat.

The competition between RKKY and Kondo interaction in the conpound can
be tentatively described by Doniach's diagram [8], see Figeil.4. The strength
of interactions is marked asTgrkxy and Tk, respectively, where the energy for
each interaction could be expressed as:

KeTreky  JEN(EE); (1.10)
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Temperature

Figure 1.4: Doniach's diagram.Je, is the exchange constant. The strength of
RKKY and Kondo interaction is marked asTgrkxy and Tk, respectively. AFM
is the antiferromagnetic state, nFL stays for non-Fermi-juid state. See text for
further details.

1
2\-]exn(EF)

kg is Boltzmann constant, the exchange constanite, then represents the inter-
action between 4 states and conduction electrons in the compound ani(Eg)
is the density of states at Fermi level. A weak interaction beveen 4 electrons
and conduction electrons leads to small, and the compound orders magneti-
cally. The Kondo interaction prevails for su ciently high values ofJey, leading
to the non-magnetic state. On the border between magnetic dmon-magnetic
state, the strength of RKKY and Kondo interactions is compaable and wide
range of physical phenomena arise. Non-Fermi-liquid stateKL) and quantum
criticality are most prominent of them. Moreover, the exchage constantJe, can
be in uenced by chemical and/or external pressure which a@lvs us to pass from
the magnetically ordered regime to nFL state and further tohe non-magnetic
region.

ke Tk  exp( ): (2.12)
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2. Experimental techniques

The experimental techniques described in this chapter weused during our study
of CeCuAk, CePdAl, and their substitutions. We prepared and characterized
all the samples by ourself on the ground of Department of Cordsed Matter
Physics. The basic magnetization and transport measurentsiwere performed in
Magnetism and Low Temperatures Laboratories, MLTL (http:/mltl.eu/), which
are supported within the program of Czech Research Infrasictures (project no.
LM2011025). The experiments with the usage of neutron scating were done
on instruments in neutron facilities as stated below.

2.1 Sample preparation

The studied poly- and single- crystalline samples were pragged from high puri-
ty elements, see Tablé 211, in relatively large amount (terend units of grams,
respectively) mainly because of needs of neutron scattegiexperiments. The
pollycrystals were prepared by arc-melting of pure elemexnin appropriate sto-
ichiometry. In the case of compounds with gallium, 0.5% of Gaas added to
account for its higher evaporation. The melting process té&glace under protec-
tion of an argon atmosphere. The water-cooled tungsten elesde and copper
crucible were used. All the samples (maximal weight of 2 g) werfour times
ipped and remelted to ensure good homogeneity. All the singlcrystals were
prepared from the polycrystalline precursors; typical wght of precursor was
8 g.

Table 2.1: The purity of elements used for the preparation studied 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 comonly used
methods for single crystal growth. We prepared most of thesied single crys-
tals by this method in the modi ed tri-arc furnace installed in Department of
Condensed Matter Physics. The polycrystalline precursorf @ppropriate stoi-
chiometry is melted up by three tungsten electrodes and lg¢ates on water-cooled
copper crucible. First, the melted material is heated for c&in 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 dse the rst step,
in further step a part of prepared ingot serves as seed. In thkird step, the
seed (and ingot) is pulled out of the melt with constant speedn our case the
speed was 6 - 8 mm per hour. In the same time, the ingot rotatesygically
4 rotations per minute) in the opposite sense than the cruddé. The speeds of
pulling and rotation and mainly their stability during the whole growing process
are of great importance. Another important parameter is theegmperature 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 fornteon of an interface
between the melt and ingot at which the crystallization proess takes place. After
successful connection of the melt and solid ingot, severalllimeters of crystal
are grown. The critical phase in the growing process is therfivation of so called
'neck’, which follows. The diameter of the ingot is tuned by he temperature of
melt in order to get rid of all single crystal grains but one. Akrwards, the di-
ameter is enlarged again to maximally 5 mm (for larger diamet we need to use
another furnace). If possible, the second neck is managediame grow the ingot
as long as possible. The last critical part is the ending of ¢hingot. The diameter
of the ingot should be narrowed very slowly and it should be e narrow when
it is separated from the melt. The temperature transfer fronthe melt to the
ingot should be as low as possible to prevent a formation offdets as twinning
or inclusion of the foreign phase by fast-cooling. The pictes of initial phase of
preparation of CeCuA} single crystal and prepared ingot are shown in Figure

Figure 2.1: The photos of a) initial phase of preparation by gbchralski pulling
method and b) prepared ingot of CeCuAl

Another type of preparation of our single crystals was the d#@ng zone method.
We needed large amount of CeCuAlfor powder neutron di raction experiment.
To ensure the homogeneity of the sample, whole amount of mag was prepared
as one large single crystal by oating zone method. The preor 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-RC). The growing
process took place under 6N Ar protective atmosphere with 1R®a pressure and
the ow rate of 0.5 liter per minute. In contrast with the Czodralski method, in
the case of oating zone method the sample is heated up onlychlly, which leads
to lower evaporation of constituent elements, contaminatin 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 Czochralskiljg method.

2.2 Structure and chemical characterization

The sample prepared by methods described above may exhibitany 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 variationri the sample,
inclusions of foreign phases and a presence of oxides of et elements.
Moreover, one should take into account also the occupatiorf tattice sites of
one element by other element with similar ionic radius, espially in substituted
compounds. In the case of single crystal, one has to verifyst; that prepared
ingot consists of only one grain. The opposite case leads @tsample with certain
anisotropy given by similar orientation of all grains or eve to the polycrystal.

All prepared samples were investigated by means of energypiissive 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 adiion.

2.2.1 Energy dispersive X-ray analysis

One of the ways how to e ectively investigate the stoichiontey of prepared sam-

ple is the energy dispersive X-ray analysis. This method is$&&d on the character-
istic energies of inter-orbital transitions of electronsni the atom. These energies
are di erent for each chemical element and thus could serverfits identi cation.

\inergy (X-ray ®
e o o o :S oo o~
o o o o e o o o
® o—o o——eo—o

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

The sample is irradiated by the beam of high-energy electreim the rst step.
If the energy transmitted to the electron on certain energyelel (in certain atomic
orbital) is high enough, the electron leaves the atom. The I 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 thligher energy level
to level with lower energy is accompanied by emission of X-ragdiation with
characteristic energy, which is equal to di erence betweeappropriate energy
levels. For illustration see Figurd_Z]2. For detailed desption see for instance
Ref. [9,[10]. By the irradiation of a certain part of the samm@, one obtains
the X-ray spectrum containing the spectra from all constituaet elements. A
careful analysis of this spectrum leads to the nding of sanig stoichiometry.
The accuracy of EDX analysis is quite high, the error is up to &ew percent.
On the other hand, one should take into account the limits of BX technique.
The most important one is the penetration depth of electronsvhich makes from
EDX the surface technique. An increased attention should béén dedicated to
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the shape and size of the studied sample. The overlap of pedksm di erent
elements spectra forms another di culty.

The EDX technique is quite well implemented into the practie nowadays and
it is used routinely. The EDX measurement on our samples waggormed on the
scanning electron microscope Mira (Tescan) equipped witecndary electrons
detector, back-scattered electrons (BSE) detector and WinitEDX analyzer by
Bruker Axs. The incident electron beam energy was ranging fro0 to 30 keV. The
EDX analysis con rmed the correct stoichiometry and phaseuyrity of all further
used samples. The error of the analysis was up to 3% in all cagerecision of
the method). The BSE picture of the sample surface (note thematches from the
polishing of the sample) and EDX maps of distribution of coriguent elements
in CeCuAl; are presented in Figuré Zl3 as an example.

@ 50 pm Al 50 pm

— —

Figure 2.3: The BSE picture of the sample surface and the mapgdistribution
of constituent elements in CeCuA single crystal.

2.2.2 Diraction techniques

The crystal structure of all prepared samples was studied byeans of X-ray
di raction. The diraction process of X-ray radiation on the periodic lattice is
well known already more than 100 years, Max von Laue obtaingde Nobel Prize
in Physics already in 1914, William Henry Bragg and William Larence Bragg

16



then one year later. For this reason, we do not describe the thed 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 andis the angle between incident
radiation and the sample surface.

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

High temperature powder X-ray diraction measurements were grformed
on powdered CeCuA single crystal and on polycrystalline LaCuA{ using the
PANanalytical MPD di ractometer with MRI high-temperature ¢ hamber in con-
ventional BB symmetric -2 scan. Tantalum strip heater and platinum radiation
heater were used as a heating elements, the heating rate wé8 Her minute. The
sample was directly put to tantalum strip heater in order to lave a good thermal
contact. The pressure in heating chamber was of the order POPa to protect
the tantalum strip from corrosion and to ensure the same coritns for measure-
ments at each temperature. The measurement was done at temgteres from
32 to 500C.

To characterize the single crystals, two methods were usefirst, Laue di rac-
tion method. The X-ray or neutron radiation does not need to badjusted in
any way as we need a broad spectra of wavelengths. The Braggindition is
satis ed for each set of crystallographic planes and appropte wavelengths re-
sulting in the array of spots on so called Lauegram. The spot& Lauegram form
the hyperboles, where each hyperbola belongs to the one sketiystallographic
planes. The symmetry of crystallographic planes in the siteycrystal leads to
the symmetry of diraction patterns in Lauegram. The transnission and back-
re ection modi cations of Laue di raction method are commaly used, leading
to the same results.

Besides the orientation of single crystal, the Laue techrnig is used to inves-
tigate its perfection. The quality of single crystal is miroring in the size and
shape of the diraction spots. The distorted or smeared spstcould be a result
of bended or twisted crystal. The sample containing more timaone grain or the
twinning can be also easily identi ed.

The quality and orientation of our single crystals were verd by both Laue
X-ray diraction and Laue neutron di raction techniques. The 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 crystatiuding the places ro-
tated exactly by 180 with respect to previous ones should be the matter of course.
However, the sample might still contain more than one grain. Ae neutrons have
a large penetration depth and whole sample volume could bevestigated in the
same time. The Laue neutron di raction experiments were p&rmed on Orient
Express and CYCLOPS (CYlindrical Ccd Laue Octagonal Photo Siillator) in-
struments [12] at Institute Laue-Langevin (ILL), Grenoble France. The example
of Lauegram taken by Orient Express di ractometer on CeCuAl single crystal
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Figure 2.4: Lauegram taken by Orient Express di ractometeon CeCuAk single
crystal.

is presented in Figure 2.4.

The Laue neutron di raction could be also used for the inveggation of mag-
netic structures in the single crystals as the neutrons carthe magnetic moment
(see section 2.6). The Lauegram contains besides the crysiucture spots also
the spots corresponding to the magnetic structure. These &g could be de-
scribed by the propagation vector of magnetic structure. CYIOOPS instrument
equipped with the orange cryostat was used for such a magmestudy on our
samples (see Figure 4.15).

The second approach how to investigate the crystal and magiestructures
of single crystal is usage of the 4-circle goniometer. Thepetimental setup
allows to rotate the crystal in order to reach almost any wamd structural or
magnetic re ection. More sophisticated software is needeir the instrument
manipulation and also for the evaluation of diraction patterns. The crystal
structure of CeCuAk 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 diraction patterns and the sructure was identi-
ed using SHELXS-97 (Sheldrick, 2008). The single crystal ofrigm-shape with
(0.080 x 0.100 x 0.140 mm) dimension was used for the measueata at tem-
peratures 296 and 150 K. To investigate the magnetic struatel of CeCuAk, we
used D10 di ractometer with four-circle goniometer at ILL,Grenoble.

2.2.3 Dierential scanning calorimetry

Di erential scanning calorimetry (DSC) is a thermo-analyical technique based
on the measurement of the amount of heat required to increatd®e sample tem-
perature. The reference sample with a well-de ned heat capity needs to be
prepared beforehand. The sample measurement itself is tighbound to the
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measurement of reference: both the sample and referenceraegntained at near-
ly the same temperature throughout the experiment, which blws together with
previous calibration to obtain heat-temperature depende® of the sample. The
complementary technique is called di erential thermal anligsis (DTA). While
DSC measures the energy required to keep both the referencel éhe sample at
the same temperature, DTA measures the di erence in tempeae between the
sample and the reference when they are receiving the same antmf heat.

DSC allows to observe the di erences in the heat ow betweerheé sample
and calibrated reference, while keeping both at the same tpmrature. These
di erences correspond to the absorption and emission of theeat by the sample,
while undergoing the phase transition. The process of the @ée transition could
be endothermic or exothermic, which is detected also by DSEndothermic pro-
cess is bounded with 'negative' peak in the temperature depdence of heat ow
as the heat is absorbed during the phase transition. The stliiquid transition
represents such a process. Exothermic process is then elyaopposite and is
accompanied by the 'positive’ peak in temperature-heat tresfer development.
Thus, not only the temperatures of the phase transitions inhte sample, but also
its type could be determined by DSC measurement.

Di erential scanning calorimetry was carried out on CeCuAd single crystal as
well as on LaCuA} polycrystalline sample in order to obtain melting temperaires
and to nd any sign of presence of other transition as well aotverify the phase
purity of the sample. Measurements were performed under pection of He
atmosphere on SETSYS Evolution 24 instrument (SETARAM Instrunentation
Company) and data were processed using SETARAM software. Headi and
cooling scans were taken with the rate of 2C per minute in temperature range
from 28 to 1400C.

2.3 Magnetization measurements

The magnetization measurement techniques are well knowndstandardly used
in condensed matter research. We do not describe them herel&mdly ask reader
to see a large number of publications, e.g. Refs. [13, 14]; fetails. Instead,
we focus on the description of magnetization in the sample paramagnetic and
ordered state.

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

2 2
M = M + o (2.2)

H  3ke(T )
whereN, is the Avogadro constant, ,, is paramagnetic Curie temperature and o
stays for the Pauli and Van Vleck paramagnetic susceptibijit 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 tasor of 3x3 dimension.

The simpli ed relation could be used, to some extent, in theases, when the mag-

netization vector has the same direction as the magnetic @) i.e. the signi cant

crystallographic direction of the sample crystal structue 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 tlogetically predicted
e from equation 1.1.

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

2.4 Specic heat

The measurement of the specic heat belongs among the stamdaechniques
implemented during the investigation of physical properés of the material. The
speci ¢ heat namely re ects the microscopic properties antheir changes in the
sample, which makes it very important quantity for condensk matter physics.
The total speci c heat of the sample is considered to consisff electronic, Cq,
phonon, Cy,, and magnetic,Cpag, contributions:

General problem with the specic heat data treatment origiates in a di cult
separation of individual components from total speci ¢ hea

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

1
Ceo = 3 n(Ep)k3T oT: (2.4)

n(Eg) stays for the density of states on the Fermi level,, is then the Sommerfeld
coe cient of electronic speci ¢ heat.

The lattice vibrations (quantized as phonons) are tightly lbund with a thermal
energy given to matter and form signi cant contribution to its speci c heat. &
branches ( is number of atoms in an elementary unit cell) of the phonon ggtrum
is divided into 3 acoustic and &-3 optic branches and are described by the Debye
and Einstein models, respectively. The wavevector of acdiesphonons is linearly
dependent on the frequency, while the optic phonons exhilion-zero frequency
also in the center of Brillouin zone. The phonon contributio to the speci ¢ heat
in the compounds with lattice periodicity could be then desded by relation:
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_ _ T2+ xie R3 g, erm
Cph = CphD+CphE = ngNA( D) 0 (ex 1)2dX+ kBNA - ( T ) (eé 1)21
(2.5)
where p and g stay for the Debye and Einstein temperatures, respectively
When describing the phonons in the material, one should taketo account also
the e ect of anharmonicity, which is not included in previos formula [16]. The
high temperature limit of equation 2.5 is equal to B per one mole of the material,
while C,, at low temperatures reveals a cubic dependence on the temgptere.
The speci ¢ heat for the non-magnetic compound in the low teperature region
could be thus written as:

12 “R
53
The magnetic contribution to the speci ¢ heat consists in no-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 degeation of the multiplet
ground state, see subsection 1.2), which leads to the risetloé entropy and thus
also the specic heat. The CEF contribution to Cn,g is often called Schottky
contribution:

Cop=Ca+Coh= T+ T3= T+ T3 (2.6)

P Ei y2 kEiIT Phn & kEilT
_ i=1 (7)€ @ i=1 (TS ° \2y.
CSchottky - kBNA( P E; ( P E; ) ) (2-7)
noe kT noe kT

Any change of the electronic properties of atoms in the matatileads to the
change of the entropy and thus also to the change of speci cdte The formation
of magnetic ordering, transition to the superconducting (S) state or structural
transitions reveal themselves as anomalies in the tempeuag evolution of speci ¢
heat.

The determination of individual contributions to the specic heat of general
compound represents quite di cult task. Nevertheless, in tke special cases, the
magnetic contribution could be, to some extent, estimatedfi@r the subtraction
of the electronic and phonon contributions of the non-magtie analogue from
total specic heat of investigated compound. Such an apprch is frequently
used in the speci c heat data treatment of rare-earth basedompounds, where
La, Y and Lu analogues could be employed.

The magnetic entropy of the material could be easily calcuied from Cyaq:

S _ Z TO Cmag .
mag(T9 = , 7T (2.8)

A comparison ofS,4 to the theoretical value:
Smag = RIN(2J +1) (2.9)

could be than easily done revealing inter alia the strengthf &ondo interaction
in Ce-based compound or even the presence of short-range n&ig correlations.
The theoretic value ofSy,4 for Ce** ion is equal toRIn(6) = 14.9 J.K .mol ™.
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The speci c heat measurement on studied samples was perf@unusing the
time-relaxation method on PPMS instrument, see e.g. Ref. L The thermal
contact between sample and sample holder was provided by thgiezon N grease,
which served for the attachment of the sample to holder in theame time. All the
sample measurements were forestalled by the measurementhaf sample holder
with appropriate amount of grease to determine the contrilbion of apiezon to
measured speci ¢ heat precisely. The contributions of theasple holder and
apiezon were subtracted afterwards. The measurements atrtperatures 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 betwek® and 300 K.
The larger sample allows us to get a good accuracy with respée the increase
of sample holder contribution to measured speci ¢ heat at gher temperatures.

2.5 Electrical resistivity

The electrical resistivity of the non-magnetic compound geerally consists from
only two contributions: residual resistivity, Ry, and electron-phonon part,Rph.
The total electrical resistivity is then described by the Mé&hiessen's rule, where
Rph could be described by the Bloch-Graneisen formula:

RM=Ro* Rin(M=Ro+ Al5)" " oy o™ 210

A is a constant depending on the velocity of electrons at the frai surface, the
Debye radius and the number density of electrons in the metal§ stays for the
Debye temperature determined from resistivity measuremenin the case of one
atom in an elementary unit cell, § should reach a value obtained from specic
heat measurement via equation 2.5. In the case of more thaneoatom per unit
cell, the equation 2.5 needs to be corrected. Integer numberdepends 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 magneti ions can be de-
scribed by Mattheissen's rule as:

R(T) = Ro+ Rpn(T) + Re(T); (2.11)

where the R¢ represents the contribution from the electron-electron attering.

The determination of individual contribution to the electrical resistivity is prob-

lematic, similarly as in the case of speci ¢ heat. Another diculty represents the
type of magnetic order: in the case of antiferromagnet, thejaation 2.11 must be
corrected by truncation factor for a di erent periodicity of the magnetic lattice.
In special cases, we can assume the saRyg contribution for magnetic and non-
magnetic analogues and estimatRg. This contribution is for Fermi-liquid-like

system proportional to the square of temperature:

Re(T) = DT (2.12)
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In condensed matter, we observe several mechanisms, whicluénce the elec-
trical resistivity development. Superconductivity leadso the zero electrical re-
sistivity below critical temperature and critical magnetc eld. A logarithmic
increase of resistivity with decreasing temperature due tine screening of mag-
netic moments by conduction electrons represents anothease, when the system
cannot be described purely on the basis of above mentionetatens. For further
reading see e.g. Refs. [18, 19].

The electrical resistivity was measured using a classicalifr-point schema with
transversal current- eld mode on PPMS instrument. The primm-shaped samples
with (20 x 4 x 4 mn¥) dimensions were connected to the electrical circuit by Cu
wires and colloidal silver paste. Single crystalline sangd cut along signi cant
crystallographic directions (mostly the same samples asags for magnetization
measurements) were connected to the electrical circuit withe electrical current,
|, aligned along the long sample edge.

The double layered cylindrical pressure cell [20] and press exchange medi-
um Daphne 7373 oil [21] were used for the measurement up to 34&R temper-
ature range 2 - 300 K. The manganin wire was used as the sensordetermine
the pressure at room temperature. The uncertainty of preseel determination
of 0.05 GPa originates in the electrical resistivity measament of the manganin
wire. Above 2.2 GPa, additional error of 0.2 GPa should be cddsred because of
solidi cation of Daphne 7373 oil at room temperature [21]. Aother asymmetric
experimental error (0.2 GPa) occurs in low pressure regiop(< 1 GPa) at low
temperatures as the pressure decreases by cooling.

2.6 Neutron scattering

The neutron scattering techniques belong to the most poweitftools for the con-
densed matter investigation. Neutron consists of quarks wdileading to the zero
electric charge (or strictly speaking, charge lower than perimental error) and
non-zero magnetic moment. Such properties allow the neutrmon-destructively
penetrate the matter to depth of several centimeters. It irgracts with the nu-
clei via the strong interaction (there is no Coulomb barrietto overcome) and
with magnetic moments of unpaired electrons via dipole-dgbe interaction. It
brings out the information not only about the crystal (nuclar) structure, but
also about the magnetic structure of the material. The impaant properties of
the neutron are its wavelength or energy and momentum. The welengths of
the order of 10 1° m (= Angstroems) make the neutron an ideal probe for atomic
and molecular structure investigation. Moreover, the sizef nuclei is typically
several femto-meters (10 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 molecsiletc. The random
sensitivity to individual chemical elements and also indidual isotopes represents
another highly convenient property of neutron, which is frguently used not on-
ly in condensed matter research, but also for the investigah of chemical and
biological materials.

The production of neutrons by ssion and spallation process requires large
facilities. Such a drawback is common for both neutron scafting and com-
plementary synchrotron X-ray radiation scattering techniges. Comparing both
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techniques, the X-ray scattering works with radiation enengin order of keV, has
a smaller penetration depth and mainly, the radiation is sd¢gered 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 sghrotron radia-
tion are broad spectrum of wavelengths, high ux, brilliane and high stability of
source.

The thesis is not aiming to describe the X-ray and neutron sdatring tech-
niques in detail, for further reading e.g. Refs. [22, 23, 2dte recommended. We
give here only several basic relations and basic descriptiof used instruments,
which is necessary for a good understanding of the data ageament and treat-
ment within the thesis. The neutron scattering could be gemally divided into two
types, elastic and inelastic, based on the way neutron int&ets with the matter.
The main di erence between these types of scattering lies the kinetic energy
conservation. While, the elastic scattering (also calledi daction) contains the
processes, in which the total kinetic energy of the neutromd target does not
change during the experiment, the inelastic scattering dsawith the processes,
where the total kinetic energy before and after scatteringrpcess di ers (part
of the kinetic energy is converted to other type of energy, @. deformation or
excitation energy). The neutron is elementary particle wit no excitable inter-
nal degrees of freedom and the target is typically very massi therefore elastic
scattering implies the energy conservation of the target.

2.6.1 Neutron di raction

The measured intensity of scattered beam represents an aséoutput of general
X-ray or neutron scattering experiment. The relation betwee the intensity, |,

and microscopic properties of the sample is not always stghitforward as several
factors re ecting the sample and instrument features take lpce. Moreover, the
microscopic properties of the sample are included in so eallstructure factor, F,

which appears in the following formula only as a square:

| = L{AE,PjFj?: (2.13)

As the structure factor is generally a complex number, the plsa of F is lost
and sophisticated approach has to be used to restore it. Lote factor, Ly, 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 resttiourselves only
to easy formulas which applies to our measurements on powd&ractometers
D1B (ILL, Grenoble) and E6 (HZB, Berlin) and on triple axis spetrometer D10
(ILL, Grenoble) in 'elastic mode":

1 1

m; L single crystal = ﬁ (2.14)

Lorentz factors for various types of measurements can be fmle.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 depeing on the sample
composition (elemental and isotopic), size and shape of tsample and on wave-
length of neutron radiation. The extinction, E4, represents another important
factor in the kinematic theory of di raction. The extinctio n is strongly dependent

L powder =
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on the size and mosaicity of domains in the sample and could teis determined
mostly only by tting the experimental data. We restrict ourself to mention on-
ly phenomenological Zachariasen formula, which is implemted in the Fullprof
package [11] and which was used during the re nement of oungie crystal data.
For further reading, see e.g. Ref. [26]. Preferential oriation factor, P, then
corrects a non-random orientation of grains in the powder sgple and could be
described by e.g. March function [11]:
z 2
Pw = (f2,008 + S][” ) 3 (2.15)

cor

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

Before we move to the structure factor formalism, it is usefdao introduce the
scattering vector Q. The neutron radiation from source is typically coming to
the sample as the plane wave described by the wave veciar The scattering
process leads to the scattered spherical wave, which could approximated by
plane wave withKj; it is generally valid by the detector position. The scattang
vector Q is then characterized as the di erence between wave vectoks and
K,. The absolute values ok; and K, are identical in the case of elastic scattering
(R, 6 K, forinelastic scattering). The whole scattering process sshematically
drawn in Figure 2.5.

-

detector

source

Figure 2.5: The diraction process on the sample. The radian in the form of
plane waves and purely elastic scattering are considered gmplicity. 2 stays
for scattering angle andQ is the scattering vector.

The structure factor, F, in equation 2.13 stays for both types of scattering,
scattering of neutrons on nuclei ¥y - and neutron magnetic moment scattering
on moments of unpaired electrons in material Fy. Both types of scattering
contribute to the measured di raction patterns with similar intensity, however,
onlyinlow 2 region. Fy is strongly Q-dependent for the same reason as structure
factor in X-ray scattering, i.e. it depends on the Fourier trasform of the spatial
distribution of unpaired electrons around the nucleus. Thenagnetic form factor,
f;(Q), di ers from the X-ray form factor though: the neutron magnéic scattering
takes place only on the outer (unpaired) electrons, whereasray scattering is
heavily weighted also by the core electronsFy, 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 experimen{&ngstroem, A) is

typically 4-5 orders of magnitude larger than the dimensioof the nucleus (fm).
The nucleus can be thus treated as the point target, i.e. daltfunction in space.
The Fourier transform of delta function is a unity and therebre b is element
and isotope dependent constant. The value df for individual isotope cannot
be calculated theoretically, experimentally determinedalues are tabulated. The
nuclear and magnetic structure factors could be written inhe following forms:

Fn(Q) = § he e W (2.16)
j

X .
Fu(Q = f(Q) j.é%e™; (2.17)
j

where rst exponential describes the relation between their@ct and reciprocal
space and second one stays for the temperature Debye-Wallactor. -, repre-
sents the component of magnetic moment perpendicular to tteeattering vector
Q. Neutron di raction sees only this perpendicular componenbf magnetic mo-
ment due to the dipole-dipole interaction.

The summation of nuclear and magnetic scattering contribidns to total in-
tensity di ers for individual experimental setups: F2 = F2 + F3 for experiment
employing unpolarized neutron beam, whereds? = (Fy + Fy)? for polarized
radiation, for example. For further reading see e.g. Ref24, 23, 24].

2.6.2 Inelastic neutron scattering

The second type of interaction of neutron with the matter, ielastic neutron scat-
tering, deals with the scattering processes, in which the ergy and momentum of
the incoming and scattered neutrons dier;kK; 6 K, (K ki). Compared to
the elastic case, the scattered intensity is signi cantly iderent and the measure-
ment itself requires more sophisticated experimental sgiuln general, two types
of inelastic neutron scattering instruments are employedime of ight spectrom-
eter (ToF) and triple-axis spectrometer (TAS). The former irstrument is usually
used for the measurement on polycrystalline samples and ethchemical or even
biological materials, while the later one is dedicated to thmeasurement on single
crystals. For the measurement of larg®-range on the single crystal could be used
the ToF spectrometer. We will describe these two types of ittaments as well
as the inelastic scattering in more details in present thessas a signi cant part of
it consists of the results from our neutron scattering expanents using the ToF
spectrometers IN4 (ILL, Grenoble), IN6 (ILL, Grenoble), MARI (SIS, Didcot)
and IRIS (ISIS, Didcot) and TAS instruments D10 (in elastic mde, only; ILL,
Grenoble), ThALES (ILL, Grenoble), IN20 (ILL, Grenoble) and FANDA (MLZ,
Garching). The instruments are usually constructed depemy on the requested
energy range and resolution for the experiment; generallye 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 witthe monochroma-
tization of white neutron beam. Two approaches are used, iregeral. First, the
neutron beam is partially monochromatized by the two counterotating discs
choppers and afterwards di racted by the monochromator cistal leading to the
speci ¢ wavelength of neutrons. In the next step, the neutrobeam is pulsed into
very short bursts by Fermi chopper (one can imagine the rotatg set of parallel
slits, which transmits the beam only when the neutron path igparallel to the
slits). This is the case of e.g. IN4 instrument. Second apprdaconsists in usage
of a set of chopper discs, used e.g. for IN5 instrument at ILL,r@€noble. A rst
pair of choppers creates the polychromatic neutron burstshe same process as
in the former approach). Another chopper removes harmonicsid to the large
bandwidth of wavelengths. Further chopper avoids overlappg of scattered neu-
trons from successive bursts after sample by suppressingngoof the produced
pulses. Finally, a pair of monochromator counter-rotatingliscs chops a single
wavelength (a narrow band of nearly monochromatic neutropsThe preparation
of neutron beam for the experiment is signi cantly easier ithe case of spallation
source as the neutron bursts are produced directly by the sae. Well de ned
monochromatic bursts of neutrons interact with the sample ral the scattered
neutrons are counted by area detectors covering relativelgrge part of space
around the sample. The energy which is exchanged between theutron and
the sample can be then calculated from the di erence in arral time of neutrons
to the detector (with respect to elastically scattered neubns at the detector
position), i.e. from the speed of individual neutrons.

a) Monochromator b)

Velocity
selector

Neutron guide

Analyser

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

Triple axis spectrometer consists of monochromator, sangptable, analyser
and detector. See Figure 2.6 for the illustration. In the r§ step, the neutrons
of selected wavelength(s) are di racted by the monochromat crystals. Veloc-
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ity selector (one can imagine chopper) could be used for theirpary selection
of neutron energy or wavelength; especially, the higher lhaonics of wavelength
could be e ectively sorted out by incorporation of velocityselector in front of the
monochromator. The second scattering process takes platettee sample posi-
tion, while we have a control on the incoming neutron propes (K;). Neutrons
scattered by the sample could be registered by (two-dimensial) detector, which
is the case of our measurement on D10 instrument in 'elasticoale’, or are ana-
lyzed by the analyzer (the third scattering process). The alyzer crystals di ract
only the neutrons of speci ck,, which are counted by a tube detector in the -
nal step of the measurement. The whole experiment takes péawithin so called
scattering plane, usually; nevertheless, the special typéanalyzer-detector setup
(e.g. FlatCone, ILL, Grenoble) allowing also the measuremeout of the plane
could be employed. During the typical experiment on TAS, onedids wave vector
K, or K, constant while varying the other. Detailed description of AS as well as
all optical components can reader nd in many publicationsywe recommend e.g.
Ref. [24].

Scattering triangle

Let us describe the inelastic neutron scattering process sample in detail: the
incoming neutron of speci ¢ wavelength (energy) and momeumn interacts with
the sample both elastically (see previous subsection) antklastically. The later
process leads to the change of energy or/and momentum of neut. The de-
tection and analysis of scattered neutron properties thenivg the information
about the microscopic nature of studied material. The wholscattering process
is frequently described in the following way (compare withlastic case and Fig-
ure 2.6). The scattering vectorQ could be still characterized as the di erence
between wave vector&; and K, as in the case of elastic scattering:

Q=K R (2.18)

However, the vectors of incoming and scattered waves do noteahe same size in
the inelastic case, thusQ is generally not the vector of reciprocal lattice@ 6 G,
where G is reciprocal lattice vector). It is convenient to relate tle momentum
transfer to the nearest reciprocal lattice vector, i.e.Q = G + § wherehqis
so called relative momentum. The three vector®, K; and K, form so called
scattering triangle, which is depicted in Figure 2.7.

Here, one should make a connection between the expressior8athd Figure
2.7 by looking on the size of scattering vector:

2= k2+ k3 2k;koC0S2; (2.19)

where 2 stays for the angle between incoming and scattered wave ved, i.e.
scattering angle. Except the momentunh@ (or relative momentum hg), the so
called energy transfer needs to be introduced to describeetimelastic scattering
processes:

h2
h =E; E,= %(kf k3); (2.20)
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Figure 2.7: The scattering triangle of inelastic neutron sttering on reciprocal
lattice.

where the kinetic energy of neutron is described by non-rélastic formula as the
speed of neutron is of order of km per second, i.e. 5 orders dgnitude lower
than speed of light. m stays for the neutron mass. Now, we can introduce a
scattering function S(Q;! ), which is de ned in reciprocal @Q;! ) space. But rst,
we turn to the practical experimental usage of above liste@difmulas. Any (Q;! )
point of reciprocal lattice can be reached by an in nite numbr of combination
of (K1, Kz), however, the experimental arrangement (see Figure 2.6% avell as
the constrains of the neutron beam (technical and physicafeduce signi cantly
our options. During the experiment, one holds wave vectd; xed (i.e. the
direction and energy of incoming neutrons are xed), whilehte chosen Q;!)
point is reached by detection of the nal energy (energy of attered neutron
given byK5)

E2 = %kz = El h' = %kl h' (221)
at a scattering angle 2:
_kf+ ki Q2

The analogical measurement can be done (and usually it is dgnn the con gu-
ration with K, xed. The measurement limits are given in formulas 2.21 and 22.
Let us look at the elastic casek = k,, h! = 0) for example. The largest value
of Q = 2k; = 2k, can be reached for 2= 180°, i.e. for backscattering. Thus the
neutron can transfer twice its initial momentum, in maximum
Frequently, the inelastic scattering measurement is perimed, while Q xed.
Two regimes depending on the mutual size &; and K, could be distinguished:
k, >k, according to relation 2.21 energy transfen! > 0, energy is transferred
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from the incident neutron to the sample and an excitation inlte sample is created,
while the neutron gets de-excited.

k; <k, and thush! < 0, the sample gives a quantum of energy to the neutron
- an excitation in sample is annihilated and neutron gets eited. The ener-
gy gain/loss processes lead us to the proper introduction e€attering function

S(Q:!1).

Scattering function

The present thesis does not intend to describe the scattegrprocess in detalil,
we restrict ourself to the main results of scattering theoryonly, and recommend
e.g. Refs. [23, 24] for further reading. The scattering press in general can be
described by the so called di erential cross section. Thisugntity express the
probability of the neutron being scattered by the scatterig center, or in other
worlds, probability of a neutron passing from the statek; to the state K, while
exchanging the energy! with the sample, and for nuclear scattering is usually
written as:

& k, 1 X oo Zy S |
J— 727 ) H |Q'R_0 QR(t)' . it .
d dE, k2 h 3 .)m_oqqo dt ije TN 0] e T (2.23)

Here, one can de ne the scattering functiors(Q;! ) as:

d2 Ri! Ry QS(QI ) (2 24)
d dE; Ky T '

The formula for di erential cross section (and thus also foscattering function)
describes all scattering processes, i.e. both coherent andoherent processes.
The scattering function and itsQ and! dependencies can be directly measured
by scattering experiment. The equation 2.23 (and thus alsaeation 2.24) could
be further separated as the cohggeng scattering depends dretaverage scattering
length of a scatterer:gho! h Bi Bo , while incoherent scatt%rinl_:g is determined

by the deviation from the scattering length averagehho! ( ¥ h lqiz). The
coherent scattering gives us the information about the calations that exist
between all the scatterers. The information about the coopative e ects among
di erent atoms, such as elastic Bragg scattering or inelastscattering by phonons
or magnons is given just by coherent neutron scattering. Wheas, 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 elatic scattering and
we can get back to the neutron diraction description used irprevious 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 omentum
and energy. An important property of the scattering functionis the principle of
detailed balance:

S( Q !)=e ®wTSQ;!): (2.25)
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The detailed balance expresses the fact, that the probalyiof a transition in
the sample depends on the statistical weight factor for thenitial state. The
probability is lower for annihilation of excitation than for excitation creation as
it is asymmetric in ! . Therefore the negative branch o5(Q;! ) will always be
inferior to the positive branch. As seen from equation 2.25hé temperature
plays crucial role: at very low (zero) temperature, the same is in ground state.
The sample cannot give any energy to the neutron as there is eacited state.
Theh:reforeS(Q;! ) =0 for ! < 0. At high temperature (kg T >> h!), the factor

e *s7 1 and thus the scattering function becomes more and more syretric
with the increasing temperature.

The whole scattering function formalism can be used also ftite de nition of
scattering of neutron on magnetic spins in material. Howevewe mention here
only the relation between magnetic scattering function (aofying detailed balance
principle) and the imaginary part of dynamical susceptibity:

RQ;!) .
1 e RoT
The commonly known uctuation-dissipation theorem relats the measured scat-
tering function to dissipative part of a linear response fustion, i.e. it quanti es
the relation between the uctuations in a system at thermal quilibrium and

the response of the system to applied perturbations. For filver reading, we
recommend e.g. Ref. [27].

Smag(Q; )= (2.26)

Collective excitations

Finally, we turn to a brief description of physical propertes of the sample mea-
sured by inelastic neutron scattering techniques. Above, iave shown, that neu-
tron scattering techniques bring the information about crgtal (nuclear) structure
and magnetic structure of the material. Moreover, the uctations in the sample
could be investigated as function of the momentum and energiNow, we focus
on the collective excitations in the matter, phonons and mampns in particular,
which can be e ectively studied by inelastic neutron scatteng measurements.
The lattice vibrations in the material are quantized as phoons and could be
observer indirectly by macroscopic methods as e.g. specheat or electrical re-
sistivity. The neutron scattering allows us to directly stuly the phonon spectrum
of the material. The emission (absorption) of phonons comsponds directly to
energy loss (gain) of probing neutron. On the basis of such aeasurement, one
can construct so called dispersion relations, (g), for a given material. Every]
de nes one out of 3 phonon branches, whera 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 displacemeritthe atoms takes place
along the wave propagation) and two transversal branches€mpendicular move-
ment of atoms to the energy transfer direction is observed)Acoustic phonons
are just coherent movements of atoms (of the lattice) out ofneir equilibrium
positions. Acoustic phonons exhibit a linear relationship étween frequency and
phonon wavevector for long wavelengths (low value @) and for g! 0 the en-
ergy transfer also tends to zero. The rest of phonon branchg&n  3) represent
out-of-phase movement of the atoms in the lattice (one atom awes to the given
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direction, while neighboring atom to opposite direction -tiis caused by di erent
mass or charge of individual atoms in the lattice) and are dald optical modes.
The optical phonons exhibit non-zero frequency also in theoter of the Brillouin
zone as positive and negative ions at adjacent lattice sitesove against each
other, creating a time-varying electrical dipole moment.

The magnons (= quanta of spin waves) in the magnetic materiatould be
described in a very similar way as phonons, taking the magnetattice instead
of crystal lattice. Thermal energy and quantum zero-point uctuations cause the
uctuation of individual magnetic moments in an ordered stucture. The spins in
the material are coupled to one another by exchange interaahs leading to the
collective excitations. One can again directly measure thdispersion relations
I'j (g of spin waves in the material by neutron scattering techniges. In general,
the dispersion relations for ferromagnet and antiferromagt di ers signi cantly
as the spin wave intensity for antiferromagnet is strong neaan antiferromag-
netic superlattice peak and weak near a Bragg peak of the neal lattice. The
dispersion relations for Heisenberg ferromagnet and antifemagnet with only
nearest-neighbor interactions at smallj are quadratically and linearly dependent
ong 'ij(g/ o?and!;(8 / g, respectively. One should de ne the scattering
function for each type of material separately. Moreover, #h multiple magnon
scattering or magnetic domains in the material have to be ta&k into account.

One can continue with the neutron scattering theory and wittdescription of
neutron scattering techniques in detail. We did not mentiora large amount of
important aspects and properties of scattering on matter,.@. di use scattering,
usage of polarized neutrons, spin echo technique or very iargant resolution
function. Nevertheless, given introduction should be su ant for good under-
standing to the present thesis. We nish the theoretical parhere 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 neglectedn many materials be-
cause only subtle e ects of this interaction are observed. Mertheless, there are
many materials in which the e{p interaction has to be taken ito account, for
example the BCS superconductors. Another interesting featy the strong inter-
action between crystal eld excitations and phonon modes Babeen described in
a few cases. This type of interaction leads to the formationf @ vibron quasi-
bound state, which has been directly observed as an additainpeak in the en-
ergy spectra of several Ce-based intermetallic compoundsg. CeA) [29, 30],
CePt; [31, 32], CePdAl; [3] or recently CeCuA} [4], and also in PrNp [2]. An
additional peak in energy spectra of mentioned compoundsutd be described
within Thalmeier{Fulde model [1], which was generalized ab for compounds
crystallizing in tetragonal structure [3, 4]. Vibron statesare featured by a strong
magneto-elastic coupling between orbital and lattice deges of freedom. Such a
coupling results in the changes of macroscopic properties\&ell as in a new type
of (hybrid) magneto-phonon mode [1, 4].

3.1 Vibron states in CeAl >

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

CeAl, crystallizes in cubic face-centered GWig-type structure (cubic Lave
phase, C15, space group 227). Such a crystal structure is ¢coaon also to CePj
[31, 32] and PrNj [2]. Ce atoms in this structure form a diamond lattice, while
Al atoms occupy tetrahedral positions [33]. CeAlis the Kondo compound which
orders antiferromagnetically below Neel temperature of .8 K. Although the an-
tiferromagnetic ordering was ascertained [34], the magmetstructure was not
completely solved for more than 30 years (despite the e ofjtsFinally, Schweizer
et al. [35] determined the magnetic structure as incommensite doubleXk struc-
ture with magnetic moments on two Ce sites described by twoligtical helices
of opposed chiralities lying in the (10) plane.

The inelastic neutron scattering study of crystal eld exdiations in CeAl, [29]
led to the observation of two CF-like peaks in energy spectmu According to the
Kramer's theorem (see section 1.2), Gk ions in the 4 * electronic con guration
J= g) exhibit always the splitting into maximum three energy leels, see Figure
1.2. In the case of cubic structure, the splitting into douldt and quartet is
realized, only. Therefore, one expects only one peak in theeegy spectrum of
CeAl, bounded with only one CF excitation from doublet ground sta ; to
excited quartet g. The explanation of two peaks in CeAl spectrum given by
Thalmeier and Fulde [1] leads to Figure 3.1. Instead of expged excited quartet

g, two crystal eld levels are observed. The interaction of CFexciton with high
phonon density of stateslf! o = 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 and 15.7 meV
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Figure 3.1: The schema of energy levels splitting in CeAlaken from Refs.
[1, 30]. Panel a) shows the expected line splitting, while pal b) represents
observed splitting. The grey region (right) corresponds t@nergies with high
phonon density of states.

are observed [29].

Both theoretical description [36] and investigation of phaon branches in
CeAl, [30, 33] have supported former Thalmeier-Fulde theory [1]The energy
spectrum thus cannot be described only by pure CF hamiltonia Another term
describing the CF exciton-phonons interaction has to be tak into account [1]:

X X
it = Her + Hig = Br?]@r?] ® (a+a)o: (3.1)
mn

The large value of magneto-elastic constanty = 0.54 meV, compared to other
RAI,, was supported by the pronounced softening of th&, elastic mode. And
it was claimed that the origin of large value of magneto-elds constant lies in
the hybridisation of Ce 4 electron with conduction electrons [36]. Also the ex-
perimental observation of low-temperature inelastic lingidths much larger than
the width of elastic line [37] was satisfactorily explainetly dynamic crystal eld
theory [38]. Despite both the theory and the experimental westigation of vibron
states have brought a signi cant piece of knowledge about iiphenomenon, es-
pecially in the case of CeAl the research on this subject is still not nished. The
vibron states in tetragonal compounds CePd\l, [3] and CeCuA} [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 Cel X3 or more generally C&, X, 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 @mdapplied exter-
nal pressure. Most of these compounds, for example CeRRG29], CeAuAk [40]
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or CeCoGgq [41], order antiferromagnetically at low temperatures. Seral other
compounds exhibit ferromagnetic order, e.g. CeAgil42] or CeCuGag [43], or
paramagnetic ground state with signs of valence uctuatios like CeRuSi [44].
Spin-glass order was observed in CePtAl45]. The electronic properties of these
compounds seem to be rather sensitive to details of the crgbtstructure. The
relation between crystal structure type and magnetic ordewas discussed in the
case of CeCuGal[43], where the antiferromagnetic ground state with incomen-
surate propagation vector is observed for compound crydlizing in BaNiSns-type
structure [46, 47], whereas the ferromagnetic order is raled for CeCuGg adopt-
ing the BaAl,-type of tetragonal structure [43]. The observation of the rgssure
induced superconductivity in the non-centrosymmetric BaN8ns-type of crystal
structure of antiferromagnetically ordered CeRh%iand CelrSg [48, 49] is par-
ticularly remarkable. The recent inelastic neutron scatteng study of CeCuAk
revealed another highly interesting feature: crystal eldexciton-phonon interac-
tion leading to the formation of a vibron quasi-bound state/].

The magnetic behavior of CeCuAl is generally discussed as a result of the
interplay between the magnetic RKKY and Kondo interactiong50, 51, 45, 52, 4].
The magnetic properties are also in uenced by the low lyingrst excited CF state,
splitting between the ground state and rst excited state amunts 1.3 meV as
found by neutron scattering experiment [4]. The enhancedesitronic speci c heat
at low temperatures characterized by a largee coe cient is often considered as
a sign of the heavy-fermion state in CeCuAl[50, 51]. However, more detailed
analysis which considers the small CF splitting leads to a msh smaller ¢ value,
almost comparable with normal metals [53]. CeCuAlbrders antiferromagneticaly
with slightly sample dependent Neel temperaturely = 2.5 2:9 K[50, 51, 45, 52].
The antiferromagnetic ground state nature was concluded nmdy 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 signsbehavior that would
point to the antiferromagnetic order [54]. The unambiguoumicroscopic evidence
of the magnetic ground state nature is still missing, althagh some preliminary
results of neutron di raction led to the observation of magetic peak described
by the (3 3 0) propagation vector [55].

Despite numerous studies on CeCu@l some of its basic properties remain
unclear, including still some ambiguity concerning its cistal structure, which is
a fundamental point when discussing some of its electronicgperties. The stoi-
chiometric CeT X3 compounds withX = Si or Ge crystallize in the BaNiSn-type
structure which is the ordered non-centrosymmetric variarof the BaAl, tetrag-
onal structure. However, for compounds witlX = Ga or Al also the disordered
variants BaAl, or ThCr,Si, structures are often considered. CeCu@lwas rst
reported to crystallize in the ThCr,Si,-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 laterwgdies [53, 51], some
papers mentioned also the BaAlstructure without deeper analysis [50]. Contrary
to these earlier studies, the ordered BaNigftype structure was concluded from
the powder neutron di raction data [57]. This is rather relable result as the neu-
tron scattering length for Ce is much smaller than for Cu (andomparable with
Al) atoms, which allows for a more accurate Cu/Al site occupatin assignment
compared to powder X-ray diraction, where the Ce contributon dominates.
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Subsequently many further papers adopted the BaNigmstructure [45, 52, 4]. On
the other hand, some recent studies stated again the BaAs$tructure [58]. All
the previous structural studies were based on polycrystale data.

Figure 3.2: The 'magnetic’' energy spectrum of CeCuAlas measured by Adroja
et al. [4]. The CF-like peaks are clearly observed. Panel aprtains the mea-
surements at 4.7 K (low-energy data (green circles) are sedlalong right vertical
axis, whereas higher energy data (blue squares) belong tti \@rtical axis), panel
b) contains the measurement at 150 K and the inset the data msared at 20 K.

Similarly to the case of CeAl [29], CF exciton-phonons interaction leads to
the formation of new quasi-bound states in CeCuAl One would expect to ob-
serve two CF peaks corresponding to energies of transitioinem doublet ground
state to rst and second excited doublets. Instead, three p#s at 1.3, 9.8 and
20.5 meV are clearly observed, see Figure 3.2. The presentéhe additional
peak could be understood as the strong CF exciton-phononaupting takes place
in the compound. The schematic energy levels splitting is @sented in Figure
3.3 (compare with Figure 1.2). On the contrary to cubic CeAl where the ex-
cited quartet was splitted by phonons into (very roughly spaking) two doublets,
in tetragonal CeCuAk, Kramer's doublets are expected already due to pure CF
e ect. One might suppose, that the high energy doublet sphktinto two singlets
because of the in uence of lattice vibrations. On the other dnd, it is believed,
that the e ective degeneracy of all excited states is still-2olded [4, 59], as there
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Figure 3.3: The schema of energy levels splitting in CeCuAH, 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 CeCuAlwas described by Hamiltonian containing
not only pure CF part (see formula 1.7), but also phonon partrad CF exciton-
phonons interaction term [4]:

X X
Aot = BNOT + hlgata + ;) Qo (a +a)o: (3.2)

mn

A proper data analysis led to the following parameters [4]: 8= 0.611(17) meV,
BS = -0.015(1) meV, jBjj = 0.317(4) meV, h! ; = 11.3(5) meV and magneto-
elastic parameterg, = 0.40(3) meV/Ce3" .

Here, we should also mention the results of inelastic neutr@eattering mea-
surement and subsequent analysis on Cef&l, compound done by Chapon et
al. [3]. CePdAl, belongs among Ce-based compounds crystallizing in tetrago
nal CaBe,Ge,-type structure [3], another derivative of parent BaA] (similarly as
BaNiSns-type structure for CeCuAk, see discussion in next chapter and Figure
4.1). The structural phase transition from tetragonal to othorhombic structure
at around 13.5 K was observed. The last information, which iknown about
CePd,Al,, is the energy spectrum at 20 K containing three CF-like peakinstead
of two expected [3]. The analysis of energy spectrum was danghe similar way
as for CeCuA}, nevertheless, the description of whole data treatment isvgn in
rather short manner (despite the fact, that the study of CePgAl, preceded to
the one of CeCuAd [4]) [3]. The following parameters were obtained from Hamil-
tonian 3.2 [3]: B = 0.60(2) meV, BY = 0.0302(3) meV,jBjj = 0.027(2) meV and
Qo = 1.41(3) meV/Ce?*.
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The study of energy spectra and vibron states in CeCufbnd CePgAl, and
the relation between microscopic and macroscopic propesi of these compounds
represent the main goal of the thesis. We investigated the ystal structures,
electronic properties and magnetic structures of these cpaunds using a variety
of experimental techniques including the neutron scatterg experiments.

Together with a detailed investigation of a CeCuAl single crystal, we stud-
ied also several substituted systems to obtain a broader pice of the micro-
scopic nature of CeCuA{ and its changes with the doping. The isostructural
Ce(Cu,Al)4, Ce(Cu,Au)Al; and CeCu(Al,Ga); series were investigated in course
of Ph.D. work. The results of structural and bulk magnetic poperties of the latter
two series are summarized in our papers [60, 61] and are natluded in the text
of the thesis to keep its reasonable length. Here we focus oe tBe(Cu,Al), series,
in which the crystal eld excitations and possible vibron sates were investigated
by inelastic neutron scattering.

CePdAl, single crystal and whole CePgAl,Ga), series were also closely
studied. Most of the results of bulk measurements and X-ray daction on single
crystal as well as the pressure experiments on studied compds are described
in details in master thesis of Petr Dolezal, who collaborad in this subject [62],
and our papers [63, 64]. During our systematic investigatioof CePd.Al, ,Gay
and LaPdAl, Ga, compounds, the superconductivity of lanthanum compounds
was found in the whole series. The superconductivity in thiseries cannot be
discussed purely in terms of BCS theory as there is a signicgdeviation from
the expected behavior. The details on the superconductiyitin LaPd,(Al,Ga),
are given in our paper [65]. Again, the above mentioned subjs@re not included
in the text of this thesis to keep its reasonable length and hito overlap with other
student theses. Here we focus on the crystal eld and vibronate development
in CePd;(Al,Ga), and a possible connection to the structural phase transitioin
these compounds.
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4. Results and discussion

4.1 CeCuAl 3 and Ce T X3z compounds

The Ce-based intermetallic C& X3 compounds, whereT is a transition element
d-metal and X is a p-metal, have been intensively investigated in last yearsrfo
their exotic properties, especially at low temperatures. Ae electronic properties
of Cel X3 compounds are strongly dependent on competition betweemtprange
RKKY interaction and Kondo interaction. The in uence of crystal electric eld
plays also an important role. The ground states and phenomann these com-
pounds are strongly in uenced by chemical composition andf external pressure,
see previous section 3.2. The magnetic structure was deténed for only several
CeT X3 compounds so far, due to often small magnetic moment and lowdering
temperature. Also the investigation of crystal structure isnot always straight-
forward as Ce contribution to diraction 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 T X3 compounds

CeT X3, or more generally Ce[; X)4, compounds crystallize frequently in the
tetragonal structure of BaAl,-type and its derivates. Table 4.1 summarizes the
crystal structure parameters of previously investigated €I X; compounds. Sev-
eral compounds from C& X3 family adopt a cubic structure, e.g. CeRuSn
[66] or CeRhSh [67]. CeRuGeg [68], CeNiGg [69] and CeAgA} [70] crystal-
lize in orthorhombic structure. The orthorhombic structure was reported also
for CePdGg [71] and CePtGa [72], however this Fmm2 structure is very sim-
ilar to parent BaAl, structure: the lattice parametersayy, and by, di er sub-
tle only, while a-axis is identical with the diagonal of BaA{-type structure, i.e.
Aetr = Y 4:31 A for these compounds (see Table 4.1). We stress out the
case of C& Al; compounds withT = Cu, Ag and Au. The isoelectronic sub-
stitution of d-metal element (i.e. the change of lattice parameters) caes inter
alia the change of crystal structure from tetragonal for CeAl; to orthorhombic
for CeAgAl; [70] and back to tetragonal for CeAuAd [73]. Also the magnetic
structure in CeAgAl; was reported to be ferromagnetic [42], whereas other two
compounds exhibit antiferromagnetic ground state [51, 40Buch an observation
documents an important role of chemical composition on thehgsical properties
in CeT X3 compounds.

The tetragonal centrosymmetric BaAl-type structure (I4/mmm, 139) and its
derivates, centrosymmetric ThCsSi, (I14/mmm, 139), ordered primitive CaBe.Ge,
(P4/nmm, 129) and ordered non-centrosymmetric BaNign(I4mm, 107) struc-
tures, di er from each other by di erent stacking of d- and p-metal element planes
(of CeT X3 compounds) along the tetragonal c-axis, while the Ce atomymosi-
tions remain the same. All mentioned structure types are showin Figure 4.1.
In BaAl,-type, T and X atoms are randomly distributed over the 2(a) and 4(b)
sites, leading to centrosymmetric structure. In the ThCsSi-type, the random
distribution remains on the 2(a) positions, whereas the 4jbsites are occupied
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Table 4.1: The crystal structure types and lattice paramets of previously studied
CeTl X3 compounds. Thec=aratio and volume of fundamental unit cell,V, are
listed as well. The lattice parameters of CeCuAl(*) were determined during our
recent investigation of single crystal (see following séch and Ref. [74]).

Compound Structure a(A) b(A) c(A) c=a V (A3  Ref.
type
CeFeGeg BaNiSn;  4.3320 9.9550 2.2980 186.8178 [75]
CeRuS; BaNiSn;  4.2070 9.9260 2.3594 175.6788 [76]
CeRuGsg Cmmm 21.850 4.234 4.285 396.4178 [68]
CeRuSn Pm3n 9.726 920.03 [66]
CeRhSny  Pm3n 9.7115 915.92 [67]
CeCoSs BaNiSn;  4.1350 9.5670 2.3137 163.5787 [77]
CeCoGg BaNiSn;  4.3204 9.8348 2.2764 183.5750 [41]
CeRhSp BaNiSn;  4.2690 9.7380 2.2811 177.4688 [78]
CeRhGg BaNiSn;  4.3960 10.0224 2.2799 193.6810 [39]
CelrSk BaNiSn;  4.2520 9.7150 2.2848 175.6424 [79]
CelrGe; BaNiSn;  4.4010 10.0240 2.2777 194.1529 [80]
CeNiGa ThCr,Si, 4.25 10.24 2.4094 184.96 [81]
CeNiGeg Cmma 4,1391 21.828 4.1723 376.9601 [69]
CePdAl; BaNiSn;  4.3435 10.9536 2.5218 206.6486 [70]
CePdGa Fmm2 6.1036 6.1624 10.3971 419.6212 [71]
CePdSg BaNiSn;  4.3300 9.6310 2.2242 180.5707 [82]
CePdSh CaBe,Ge, 4.482 9.860 2.1999 198.0709 [81]
CePtAl; BaNiSng 4.3239 10.6670 2.4670 199.4314 [70]
CePtAl; BaAl, 4.311 10.668 2.4746 198.2618 [45]
CePtGag Fmm2 6.100 6.113 10.512 391.99 [72]
CePtSk BaNiSn;  4.3215 9.6075 2.2232 179.4235 [83]
CeCuAl; BaNiSn;  4.2620 10.6806 2.5060 194.0093 [74]*
CeCuGy BaNiSn;  4.2450 10.4200 2.4547 187.7687 [46]
CeCuGy BaAl, 4.2729 10.4359 2.4423 190.5353 [43]
CeAgAl; Cmcm 6.2101 6.1186 10.8691 412.9950 [70]
CeAuAl; BaNiSn;  4.3660 10.8445 2.4839 206.7174 [84]
CeAuGa BaNiSns  4.337 10.660 2.4579 200.510 [45]

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

2Ce in 2(a): (0, 0,zce), (3: 32 + zce)

2T in 2(a): (0, O, ZT);(%; %; % + Z7)

2X in 2(a): (0, 0,2x.,);(3: 3,5+ Zx.)

4X in4(b): (0, 3;2x,); (3:0;2x,): (5: L 5 + 2x,): (15 5 5 + Zx,,),
wherez... represents the shift along the c-axis, whilece 0 andzyx, 0:25. The

case of CaBgGe,-type structure is slightly di erent as the mutual stacking of
layers along the tetragonal axis leads to ordered centrosymetric structure with

40



primitive unit cell. Figure of primitive unit cell will be shown in following section
4.2 together with the study of CePdAl, compound. CaBegGe,-type structure
has two possible origins shifted byzll(; %;O) to each other. The unit cell with
the origin 1 described by atomic coordinates:

2Ce in 2(c): (0,3;2ce); (5:0;  Zce)
2T in 2(a): (0, 0, 0), (3;3;0)

2T in 2(c): (0, 3:zr.):(3:0; z7,)
2X in 2(b): (0, 0, £);%;4;1

2X in 2(c): (0, 3;2x); (3,0, zx.)

could be shown in the same way as other BaAtlerivates by shifting the atomic
positions by ¢;0; zce). Alternatively, the structure with origin 2 with atomic
positions shifted by e; %;ZCe) would lead to the same representation. The el-
ementary cell of CaBgGe,-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 foeCuAl; by pollycrys-
talline studies [56, 53, 51, 50, 57, 45, 52, 4, 58], as intraed in section 3.2.
Nevertheless, the determination of crystal structure type &sed on powder X-ray
di raction is very complicated as Ce atoms contribute signcantly stronger to

di raction patterns than Cu and Al (which contribute similar ly due to similar

number of electrons). To distinguish between structure tygs shown in Figure
4.1, the precise method allowing observation of Cu and Al at@nn given atomic
positions is needed. The diraction experiment on single gstal employing a
four-circle goniometer is one of the methods allowing a cent determination of
crystal structure type.

The preparation of CeCuA} single crystal and its structural and chemical
characterization is described in sections 2.1 and 2.2: thmgle crystal was pre-
pared from polycrystalline precursor using the Czochralsgrowing method. Pre-
pared polycrystalline sample was annealed for 8 days at 9Q0in quartz tube,
the rate of heating the sample from room temperature was’@ per minute, the
rate of cooling down from 900C was PC per minute. The single crystal was
rst investigated in its as-cast form and subsequently it ha been annealed in the
same way as polycrystalline sample.

The prepared ingot (Figure 2.1) was investigated by means baue X-ray and
neutron di raction verifying the quality and tetragonal symmetry of the sample
(see Figure 2.4). The powder X-ray diraction on powderized grt of single
crystal recorded at room temperature con rms that this compund crystallizes
in the tetragonal structure. The best t of the diraction pa ttern was obtained
for the BaNiSns-type structure (Rgragg = 6.9% compared toRgragg = 31.3% for
the ThCr,Sk-type). Introducing certain degree of Cu-Al disorder to the BNiSms
structure did not lead to any improvement of the t. We examired closely also the
di raction patterns of polycrystalline sample with similar result. These results,
pointing to the BaNiSnz structure, are well consistent with the neutron di raction
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Figure 4.1. The tetragonal structure types: centrosymmeir BaAl, (I4/mmm,
139) and three its derivatives - centrosymmetric ThGISi, (I4/mmm, 139), or-
dered primitive CaBeGe, (P4/nmm, 129) and ordered non-centrosymmetric
BaNiSrn; (14mm, 107) structure. CaBeGe,-type structure has two possible ori-
gins shifted by ¢; 3;0) to each other; presented gure was drawn taking the
origin 1 shifted by (3;0; zc.) or alternatively origin 2 shifted by (3; 3; Zce), i.e.
the primitive unit cell is not shown, for better lucidity.

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

The crystal structure was then uniquely determined by singl crystal X-ray
di raction (295 independent re ections, Rj;; = 0:0169) as tetragonal BaNiSg
type structure (space group I[4mm, 107) without any sign of dorder in Cu and Al
atomic positions. We should note, that the best structure dotion was obtained
when a racemic-twinning has been introduced. It seems thahdre exists two
equally populated domains which are connected by a mirrognwhere the mirror
plane is perpendicular to the four-fold axis. The re ned sticture parameters
at room temperature and at 150 K are summarized in Table 4.2. e thermal
displacements of atoms are listed in Table 4.2 as well.

The chemical composition investigation of our CeCuAlsingle crystal as well
as polycrystalline sample was done employing the EDX anaigs The analysis
con rms the stochiometric composition Ce:Cu:Al = 1:1:3 (wih up to 0.03 error
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Table 4.2: Structure parameters of CeCuAlsingle crystal determined from X-ray
di raction patterns taken at 150 K and at room temperature. V .. is the volume
per fundamental unit cell. zce, Zcy, Zai, andzy, are fraction coordinates of atoms
in the unit cell (see previous subsection 4.1.1R is the agreement factor for the
t of diraction patterns (goodness of t on F?2). The thermal displacements
of atoms are described by: -Z(h%a2U;; + ... + 2 hka b Uj,), where matrix
elements U,, U3 and U,z are equal to zero. SHELXS-97 program employing the
Rietveld analysis was used for the determination of structa 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)

Vio: (10°pm?) 96.47(2) 97.01(2)

atomic positions:

2Ce in 2(a) (0, 0, 0x) (0, 0, 0y)

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, £, 0.2508(2)) (0,3, 0.2505(2))
thermal displacement:

Ui: (Ce) 0.0032(2) 0.00490(7)

Uy, (Ce) 0.0032(2) 0.00490(7)

Uss (Ce) 0.0041(2) 0.0069(1)

Uis (Cu) 0.0068(4) 0.0097(2)

Uz (Cu) 0.0068(4) 0.0097(2)

Uss (Cu) 0.0093(7) 0.0108(3)

Uz (Al 0.006(1) 0.0086(9)

Uz, (Al) 0.006(1) 0.0095(9)

Uss (Al) 0.0061(5) 0.0092(3)

U1 (Alp) 0.0056(8) 0.0077(4)

U2z (Alp) 0.0056(8) 0.0077(4)

Uss (Alp) 0.011(2) 0.0128(9)

R (%) 2.36 1.12

of analysis). The distribution of elements in sample was a@schecked by EDX
equipment, homogeneous distribution of elements can be isee Figure 2.3.

Structural phase transition in CeCuAl 3

Some properties of CeCuAlare slightly in uenced by sample thermal treatment
[51]. These changes can be ascribed to the annealing proosbi&ch generally
improves the quality of the sample, i.e. reduces the residuasistivity and also
improves the thermal properties of the sample. To optimizene sample thermal
treatment, the knowledge of the phase diagram and mainly thaelting temper-
ature is essential. We have performed DSC measurement to eal’the melting
temperature. Surprisingly, we have observed a further phagdransition in course
of these measurements.
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The DSC temperature scans revealed the melting temperatuo¢ 127%5C (see
inset of Figure 4.2) which justi es the optimal annealing tenperature around
900°C. Additionally, the measured scans, presented in Figure 4.8how a clear

-peak between 279 and 335C which corresponds to the structural phase tran-
sition in the sample. The transition temperature of 328 was obtained in usual
way for this type of transition, i.e. as the temperature wher the heating peak
has minimum. This anomaly is observed also for cooling and risproduced in
all measurements independently on maximal temperature (6TC - 900°C) of the
scan, even not by achieving the melting temperature. The chge of enthalpy
associated with this transition is higher for heating (1.3%5J.g *) than for cooling
(0.959 J.g ') what might suggest a certain change of structure after thegating-
cooling cycle. Further, DSC measurement on annealed and ypalystalline sample
showed the same behavior. The lanthanum analogue LaCuyAdxhibits signs of
similar anomaly during the heating cycle, nevertheless minoveaker as shown
in Figure 4.2. The enthalpy corresponding to this phase trasition reaches only
0.153 J.g 1, nearly 10 times smaller value than for CeCuAl No anomaly is ob-
served during the cooling process in LaCuél The same behavior was reproduced
by second subsequent cycle on the same LaCyAbmple.
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T
> | STTIT T e D Y
2 1or e AT
§ Y Y A A i N
(@) 05 — '.. annealed
ey - ——— LaCuAlg
-~ B “\ T
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T | : _
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- C TR S Y T S S B B T -
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Figure 4.2: Di erencial scanning calorimetry performed oms-cast and annealed
CeCuAl; single crystal as well as on polycrystalline LaCuAl Heating/cooling
rate was 10C per minute. The inset shows data for annealed single crybtap
to melting temperature.

The high-temperature powder X-ray di raction experiment wa performed on
as-cast and annealed CeCuAlsingle crystal, as well as on annealed polycrys-
talline CeCuAl; and LaCuAl; samples to reveal the microscopic origin of the
anomaly observed by DSC measurement. Results of the re nem@f di raction
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Figure 4.3: The lattice parameters of the annealed singleystal CeCuAl; ob-
tained by high-temperature X-ray di raction. The error for each lattice param-
eter is almost constant during the heating/cooling procesgor this reason and
for better lucidity we show error bars only for the value at 50°C (highest error).
The agreement factor of the t of our model to the experimentiadata was almost
the same Rgragg  6:9%) for all measurements.

patterns using the Fullprof program [11] are presented in §ures 4.3 and 4.4.
Linear increase of lattice parameters with increasing tengpature is observed up
to 25(0°C, the usual e ect of thermal expansion takes place. The atamfraction
coordinates, i.e.zc, and z,,, are una ected up to 250C. The transition seen in
DSC is then re ected by anomalous development of the parameter (or c=ara-
tio) around 30(°C. The lattice parameters increase again linearly above 350°C
which suggests a stable high-temperature phase, in agreemeith DSC analy-
sis. The measurement during the cooling to room temperatushows very similar
development of lattice parameters but the transition from lgh-temperature to
low-temperature phase does not lead to the original value$ kattice parame-
ters, see Figure 4.3. The lattice parametea has higher value and parametec
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Figure 4.4: The atomic fraction coordinates of annealed gjle crystal CeCuAg

and LaCuAl; polycrystal obtained by high-temperature X-ray diraction. 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 heatinggoling cycle. The
change can be expressed as0:05 % of their initial values. Although the lattice
parameters in CeCuAd are di erent after heating/cooling cycle, the volume of
fundamental unit cell stays almost una ected because the pametersa and c
change in opposite way.

The transition around 300°C is more visible in development of atomic frac-
tion coordinateszc, and z,, plotted in Figure 4.4. The di erence between these
coordinates at temperatures below and above 3Wis 6:10 2 what represents
almost 2% change of the value of these coordinates (see alkstrative picture
of changed atomic coordinates in Figure 4.5 and changes dematomic distances
given in Table 4.3). We are aware that the numerical error ofatermination of
these values is also approximately:60 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 diraction patterns, we face theproblem of overlap-
ping of the diraction lines which is not present when using hie single crystal
di raction data. The overlapping can strongly a ect, together with di raction
data quality, the accuracy of parameters of the structural mdel. The atom-
ic positions determined using single crystal di raction a8 much more accurate.
The values obtained from powder di raction are bounded wittrelatively high er-
ror and here serve mainly to follow qualitatively their temgrature development.
Despite relatively high error, the tendency, scatter of thevalues and mainly re-
producibility of the e ect on several samples are clear engh to conclude that
the phase transition is present in CeCuAl

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

T Ce-Cu Ce-Al, Ce-Al, Cu-Al, Cu-Al, Alz-Aly
(°C) | (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)

C
OO
C O

b—~ ©

Figure 4.5: The BaNiSn-type structure adopted by CeCuA} below 300C. The
atomic fraction coordinates are changed above 3@ as the smeared Cu and
Al atoms with arrows denote. For better clarity, the shift is D times higher
compared to the real change. The illustrative marking of atas is done for easier
understanding the Table 4.3.

The phase transition was observed for both, as-cast and ambed samples, as
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well as for polycrystalline sample, at the same temperatumrange, i.e. between
270°C and 340C. The changes in structure parameters corresponding to thi
transition are very similar for all samples. Especially, siilar changes in as-
cast and annealed samples suggest that each heating/coglioycle changes the
structure parameters independently on maximal temperata;, heating/cooling

rate and duration of sample annealing.

The re nement of diraction patterns of LaCuAl 3 polycrystal shows ordi-
nary development of lattice parameters, i.e. linear increa with increasing tem-
perature (from 4.295 to 4.325 .0pm for parameter a and from 10.672 to
10.720 .18 pm for parameter c), without any trace of phase transition. The
development of fraction coordinategc, and z,, of LaCuAl; is plotted in Figure
4.4. Also here, we are not able to see any clear hint of phasensé#ion as seen
in CeCuAls. If any such transition exists in LaCuAk, what might indicate the
little anomaly in DCS measurements, it is below the experinméal sensitivity of
our powder X-ray di raction analysis.

4.1.3 Bulk properties of CeCuAl 3 single crystal

The bulk properties of CeCuA} have been investigated intensively by means of
magnetization, speci ¢ heat and electrical resistivity masurements in last years
[50, 51, 53, 45, 52, 54]. Nevertheless, the crystal structuoé studied samples
was often re ned dierently than by our recent study. We investigated bulk
properties of our single crystal to verify previously repoed results as well as to
obtain reliable data on our single crystal for further neuton scattering studies.

Magnetization measurement

The antiferromagnetic order in CeCuA is indicated by a maximum in the tem-
perature dependence of magnetization measured in low matioeslds, see Figure
4.6. Clear sharp maximum afly  2:5 K appears when the magnetic eld is ap-
plied within the basal plane (no signi cant di erences betveen basal plane [100]
and [110] directions were observed). The maximum is less poonced 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) ath eld-cooled (FC)
regimes is rather small in measurements along all signi caarystallographic di-
rections (see Figure 4.6) and completely vanishes in the cebf 0.05 T.

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

The magnetization curves measured with eld applied alongrmcipal crys-
tallographic directions are plotted in Figure 4.8. We obsege relatively strong
anisotropy between the curves measured with eld parallelral perpendicular
to the tetragonal c-axis, in agreement with previously puldhed data [54]. The
larger saturation magnetization for eld applied perpendiular 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 magnetizatioroa signi cant crys-
tallographic directions ([100] and [001]) in small magneti elds. The measured
curves overlap signi cantly, the shift of two of them (0.01 ad 0.05 T) was done
for better lucidity. ZFC means zero eld-cooled and FC eldeooled regimes.

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

In the paramagnetic region, the temperature dependence bFH , shown in
Figure 4.9, follows the Curie-Weiss law at least down to 60 Kof measurement
with H k [001] and even to much lower temperatures for eld perpendiar to
[001]. The tting of measured data to relation 2.2 reveals th e ective mag-
netic moment, . , in good agreement with theoretical value for G& ion, i.e.

e = 2:54 . The Curie paramagnetic temperature is then -52.0 K for
H k [001], -6.2 K forH k [100] and - 4.7 K forH k [110] direction. Figure
4.9 shows also comparison of the measurdgM (T) dependencies and calculated
curves based on the CF parameters determined from the ineiasneutron scat-
tering data [4]: B} = 0:611(17), Bl = 0:015(1) andjB3j = 0:317(4) meV (see
section 3.2). The calculated dependencies are plotted ingtdre 4.9 as lines of
corresponding colors. Very good agreement of calculateddameasured data is
observed forH k [100], but clear discrepancy occurs fét k [001]. The calculated
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below and above ordering temperature, respectively.
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Figure 4.9: The temperature dependence d/H measured with magnetic eld

of 0.5 T applied along principal crystallographic directins of CeCuA} single

crystal. The reciprocal magnetization,H/M, is also plotted. The lines are the
calculated dependencies from crystal eld parameters givan Ref. [4], see also
section 3.2.

curve shows a kink around 30 K, which is not reproduced in theeasured data.
We note that the measurements were performed several timeswparing as-cast
samples, annealed samples and also on two sets of indepehdemgle crystals,
in order to verify the reproducibility of observedM=H dependence. All of these
measurements led to almost identical results, well in agmr@ent also with previ-
ous study [51]. Any small changes of CF parameters do not lead $igni cant
improvement. Presumably some common analysis of suscepiiyp and neutron
scattering data might lead to a set of CF parameters which wdd satisfactory
describe both experiments.

Speci ¢ heat

The speci ¢ heat data measured on CeCullsingle crystal are shown in Figure
4.10. We observe a well pronouncedtype anomaly atTy. The idealization of the
anomaly under constraint of the entropy conservation givass Ty = 2:5(1) Kin a
good agreement with magnetization data. The anomaly staydnaost una ected
by small magnetic eld applied along the c-axis. Small shifof the magnetic
entropy to lower temperatures in 1 T is consistent with the aiferromagnetic
order. The speci ¢ heat of a non-magnetic analogue LaCuAis shown in the inset
as well. Above' 30 K, it is very close to the speci ¢ heat of CeCuAl as already
observed also for polycrystalline sample. We can thus assairthat the phonon
contribution to total specic heat is very similar in both compounds and also
the ¢-coe cient of the electronic speci c heat,Ce = T, is approximately the
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same (¢ 5 mJ.mol K 2), at least in the paramagnetic region. The magnetic
part is directly obtained asCyag = Ccecuai;  Cracual; @and its integration up
to 300 K shows an increase towards the value of R.In6 as expatfor the Cée*
state. Such an observation is in con ict with the potential 4double-degenerated
levels (ground state and 3 CF exciton-phonons excitated $&s) as mentioned in
section 3.2.
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2.0 o [
< B j! ‘ ] i
[ 1.5 E/ i = ] 1
O - OQ . -‘ —
E. Q H T (K) i
E, 1.0 x 0'00 ‘ 5I0 ‘ 1(I>o ‘ 15Io ‘ 2:)0 ‘ 2;0 ‘ 3(I30 -
~ | @ 00T i
o v 10T
€ | ¢ s LaCuAl, _
0 O 5 CSchouky
0.0 '
0 2 4 6 8 10 12 14
T (K)

Figure 4.10: The specic heat in static magnetic elds of 0 ash 1 T. The blue
curve is the Schottky contribution to the speci ¢ heat calclated from energies
obtained from inelastic scattering data [4]. The magnetic grt of specic heat
was obtained by substraction of the non-magnetic analogueaCuAl; data. The
inset shows both analogues in whole temperature range.

The magnetic speci ¢ heat in the paramagnetic region well ave the ordering
temperature is generally described by Schottky formula artie crystal eld split-
ting of the multiplet ground state. As already mentioned abo®, the CF levels in
CeCuAl; were directly observed by inelastic neutron scattering [4found 1.3, 9.8
and 20.5 meV. The Schottky contribution calculated using oglthe levels on 1.3
and 20.5 meV is well in agreement with our speci ¢ heat data alemonstrated in
Figure 4.10. Taking into account also the energy level at 9r@8eV with degener-
acy one (and 20.5 meV level also with degeneracy one) is suill in agreement
with the measured data. We note that, contrary to magnetizabn, the Schottky
contribution to the speci ¢ heat depends only on the energseof CF levels, not
on the corresponding wave functions. The detailed analysi$ the speci c heat
in the magnetically ordered state leads to identical reswdtas described for the
polycrystalline sample (see section 4.1.6).

52



Electrical resistivity

The electrical resistivity measured in zero magnetic eld #h current along all

three principal crystallographic directions is plotted inFigure 4.11. A relatively
broad maximum around 10 K is clearly observable in resistiyi data measured
along all crystallographic directions in perfect agreemenvith previously pub-

lished data by Kontani et al. [51]. The decrease below 10 K cée 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 demamates clearly the

temperature of magnetic phase transition at around 2.5 K, igood agreement
with magnetization and speci ¢ heat measurements (see Figu4.11).

The magnetoresistivity measurements were performed in €28l arrangements
with respect to the electrical current and magnetic eld diections. There were
4 types of mutual arrangements of crystallographic direains, 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 {?H), i.e. transverse
con guration. Temperature dependencies of resistivity irseveral static elds are
plotted in Figure 4.12 and the magnetoresistance (MR) curgein Figure 4.13.
Several di erences can be traced depending on the experirtsrarrangement.

10
T (K)

Figure 4.11: The temperature dependence of electrical i&srity with the current
along signi cant crystalographic directions. The arrowsridicate magnetic phase
transition temperatures as determined from speci ¢ heat da.

Large negative magnetoresistance is observed fok [001], resembling mea-
surements reported for substituted CeCuAg; «Alsz compounds [86]. Signi cant
di erence in resistivity development takes place foj ? [001] regardless the eld
direction. In these arrangements, positive MR appears foemperatures below
Ty in magnetic elds up to 2-3 T (0.45 and 1.0 K curves in Figure 43). We
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Figure 4.12: The temperature dependence of electrical &srity in magnetic
eld measured in several experimental arrangements with spect to current |
and magnetic eld H directions.
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cipal crystalographic directions. The transverse con gation (j ? H) of current
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observe a clear maximum before the resistivity starts to dezase with further
eld increase. It suggest suppression of the antiferromagtic order and arise of

an induced ferromagnetic state, similarly as was observeat instance in YbNiAl,
[85].
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Figure 4.14: The magnetoresistance (MR =0T in dependence of-27-
in several temperatures with the electrical current alongrgstalographic direc-
tions [100] and [001] and magnetic eld parallel and perpemllar to the c-axis,
respectively. The overlap of curves measured at temperagsg> Ty is observed.

In paramagnetic state, negative magnetoresistance is obgsd for all arrange-
ments, but clear di erence can be traced out foH k [001] andH ? [001]. In
the rst case, the eect of 9 T eld becomes negligible above @ K, whereas
in the latter case relatively large resistivity reduction emains up to 30 K (see
Figure 4.12). The decrease of resistivity in rising eld cdd be a result of proba-
bly ferromagnetic correlations between the ceriumf4moments. Another reason
could be a suppression of the Kondo scattering with increagi eld. Following
the approach discussed also for Ce(Ag; xAl; compounds [86], we can use the
single-ion Kondo model with Bethe-ansatz studies [87]. Rige 4.14 is obtained
by re-scaling the x-axis asrf—H, whereT is the temperature for the MR mea-
surement andT is a measure of the strength of ferromagnetic correlations the
material [85, 88]. The dependencies measured at temperasrabovely overlap
with each other for characteristic temperaturel = 1.0 and 4.5 K for H k [001]
and H?[001], respectively (the change of by 05 K leads to much worse
overlap between curves measured d > Ty). The former value is close to that
found for polycrystalline CeCuy.9Ago1Al3 [86]. Positive values oflf  imply that
the ferromagnetic correlations between magnetic momentsearather weak. Low-
er value of T for magnetic eld along [001] direction suggests that ferrnagnetic
correlations are stronger along the c-axis than in the basplane. The develop-
ment between magnetic and paramagnetic state is also demtvated 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 orden CeCuAls,
we have performed a series of neutron di raction experimesnton CeCuA} sin-
gle crystal. The measurement were performed using CYCLOP3.(, Grenoble,
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France), PANDA (FRMII, MLZ, Garching, Germany) and D10 (ILL, Grenoble,
France) instruments on the same piece of single crystal. Wete, that our previ-
ous e ort to determine the magnetic structure in CeCuAd 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, gsumably because of
small size of magnetic moment on Ce.

Neutron diraction on CeCuAl 3 single crystal

The magnetic order in CeCuAd was studied rst by Laue neutron diraction

on CYCLOPS diractometer [89]. Laue patterns taken at 2 and 6 Kare shown
in Figure 4.15. The comparison of di raction patterns obtaned in the magnet-
ically ordered state and in the paramagnetic state, respeaetly, revealed three
weak magnetic re ections at lowQ-region pointing to relatively small magnet-
ic moment in the compound, in agreement with our previous paer neutron
di raction experiment. Positions of magnetic satellites at of the Bragg re ec-
tions unambiguously prove the antiferromagnetic ground ate in CeCuAk. The

analysis of the measured Laue patterns (using Esmeralda gram [90]) allows
us to determine several possible propagation vectof&s, consistent with our da-
ta: (0.2, 0.2, 0), (0.33, 0, 0), (0.5, 0.25, 0), (0.4, 0.4, Ond (0.4, 0.6, 0). We
should note that, in addition, there are several other incomensurate vectorsk,

which could describe the three found magnetic re ections asell. None of the
determined vectors coincides with 24( % 0) propagation reported in the work of
Oohara et al. [55].

The propagation vector of magnetic structure in CeCuAlwas found in course
of our inelastic neutron scattering experiment on PANDA instument. The map-
ping of reciprocal space revealed several magnetic re exts (two of them shown
in Figure 4.16), which are described unambiguously by the @pagation vector
R = (0.4, 0.6, 0). The rest of possible propagation vectors d&tmined from
CYCLOPS data can be excluded. We followed temperature devploent of the
intensity on the magnetic re ection (0.6, -0.4, 0), see Fige 4.17. The magnetic
moment of CeCuA} increases with decreasing temperature down to 1.7(1) K and
remains constant (within the measurement error) at lower t@peratures. The
t of the magnetic intensity to the power law | (Tv  T)? revealed the or-
dering temperature of Ty = 2.7 K, corresponding well to the one obtained from
macroscopic measurements, see also Refs. [50, 51, 45, 52¢ dbtained 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 vectd® = (0.4, 0.6, 0) were
used to calculate possible magnetic structures using thepresentation analysis
(employing the program Baslreps [11]). It should be notedhat there is only one
crystallographic site for the Ce atom per magnetic unit cethnd other Ce atoms
are related by the symmetry operators. The calculation ree¢ed two irreducible
representations. Three basis vectors: (1, -1, 0), (1, 1, Opér (0, O, 1) belong to
these representations where the latter two belong to the sanirreducible repre-
sentation. The one dimensional representation correspathb moments within
the basal plane. When the irreducible representation corites more than one basis
vector, any linear combination of these vectors represeni$so allowed magnetic
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Figure 4.15: The Laue patterns obtained at 2 K and 6 K by CYCLOPSIi rac-
tometer at ILL, Grenoble. Three magnetic re ections are maed by green circles
in panel a). The integrated intensities calculated by Esmatda program [90] from
Laue patterns are shown in panel c).

moment arrangements. The second, two dimensional repretsion, thus allows

any direction of magnetic moments with respect to the c-axis BaNiSns-type

structure (I4mm, 107) is non-centrosymmetric structure, lierefore propagation
vector K is not equivalent to K. Both propagation vectorsk and K as well as
propagation vectors (0.4, -0.6, 0) and (-0.4, 0.6, 0) have b® taken into account
during the data re nement in the next step.

The magnetic structure described by propagation vectd& = (0.4, 0.6, 0) was
investigated by neutron diraction experiment on D10 instument. After thor-
ough inspection of the crystal structure (the investigatin of 24 nuclear re ections;
allowed re ections satis ed the conditionh+ k+ | =2n con rming body-centered
space group), the intensities on magnetic satellites dedmd by propagation vec-
tor K were measured at 1.7 K. The integrated intensitieg-eag 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) ad (-0.4, 0.6, 0) are
observed.
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Figure 4.17: The temperature dependence of the intensity enagnetic re ection
(0.6, -0.4, 0). The error bars on gure a) are within the symbls. The blue curve
on panel b) is tof the datato | (Ty T)?.

independent magnetic re ections are listed in Table 4.4. Alhe magnetic re ec-
tions are the satellites of allowed nuclear re ections (desbed by h+ k+ | = 2n);

zero intensity was found on (0.4, 0.6, 0) satellites of fordbilen nuclear re ections
(h+ k+1=2n+1). The measured data were tted to the model of magnetic
structures based on the results of representation analysising the Fullprof pack-
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Table 4.4: 25 magnetic re ections with measured integrateahtensities jFeag -
jFcaicj represents the calculated intensity processed by Fullprgirogram [11] for
magnetic structure presented in Figure 4.18.

h K | ijeasj J I:calcj
04 04 1| 23(1) 213
04 -04 1| 25(1) 21.3
04 14 0 15(4) 126
04 0.6 0| 61(7) 61.2
06 0.6 1| 13(1) 11.1
0.6 -0.6 1| 18(1) 11.1
04 -0.6 2| 55(3) 58.3
04 -1.4 2| 22(3) 20.6
04 04 3| 46(1) 455
-04 -04 3| 50(1) 45.4
0.6 1.4 3| 39(2) 412
-1.4 0.6 3| 40(3) 41.2
1.4 04 2| 22(2) 206
0.6 -0.4 2| 55(4) 58.3
14 -0.6 1| 40(3) 4438
0.6 -1.4 1| 39(1) 4438
0.6 0.6 3| 31(1) 355
0.6 -0.6 3| 36(1) 355
1.6 -04 1 36(4) 37.0
16 04 1| 33(5) 37.0
04 0.6 4| 53(7) 48.0
04 -0.6 4| 54(3) 48.0
04 16 3| 39(2) 357
04 -16 3| 39(3) 357
06 1.6 0| 16(5) 8.4

age [11]. The intensity on nuclear re ections measured in ¢éhparamagnetic and in
the ordered state remains unchanged, excluding cleaity= (0, O, 0) propagation
of magnetic moments in CeCuAl. The extinction in the sample was treated by
tting the nuclear data to the phenomenological Zachariase formula [26], while
6 tting parameters corresponding to di erent crystallographic directions were
used [11]. Consideration of extinction during the Rietvelde nement lead to the
signi cant decrease ofRg factor (from 5.3% to 1.7%). The obtained parameters
were xed for the t of magnetic data. The absorption of the mderial was not
taken into account during the tting as the intensity on equivalent re ections
was the same within experimental error; CeCuAldoes not contain any strongly
absorbing element.

Far best agreement between the magnetic data and Rr = 5.2%, see calcu-
lated intensitiesjF.qcj in Table 4.4) was obtained for the magnetic structure with
the arrangement of magnetic moments described by the (1, 1) Basis vector.
The magnetic structure is of amplitude modulated type with rmximum magnetic
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moment reaching 0.28(1) g/Ce3", see Figure 4.18. The amplitude modulated
magnetic structure with strongly reduced magnetic momentying within the
basal plane is well consistent also with results of previodéAl NQR study [92].
All magnetic re ections measured on D10 instrument are desbed by propaga-
tion vectors (0.4, -0.6, 0) and (-0.4, 0.6, 0). As follows frorhe representation
analysis, any linear combination of (1, 1, 0) and (0, 0, 1) bessvectors should be
considered. Considering non-zero component described By 0, 1) would lead
to tilting of magnetic moments out of the basal plane. Neveriless, allowing a
free z-component does not lead to any signi cant improvemeaf the t and con-
verges to a zero value of z-component. We should note, thataaling a subtle tilt
of magnetic moments within the basal plane from [110] crydtagraphic direction
leads to somewhat better agreement factor ®- = 4.3%. The model using the
(1, -1, 0) basis vector gives an unacceptable t witiRg = 35.6%.

/
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/
/
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Figure 4.18: The magnetic structure of CeCuAldescribed by propagation vector
K =(0.4, 0.6, 0). Red arrows symbolize magnetic moments at. = 0, blue arrows
then moments atzce = % All moments lie within basal planes.

The discrepancy between our results and previous study of Rara et al.
[55] needs to be further discussed. The propagation vecto}, (%, 0) found by
former neutron diraction experiment [55] is clearly not reproduced in any of
our three independent neutron experiments, the agreemenblds only for the
z-componentk, = 0. Some di erences in the crystal structure and/or sample

60



quality may be a reason for di erent propagation vector. CeGAl; crystal used
by Oohara et al. [55] was originally reported to crystallizen the BaAl,-type
superlattice [51] without further details concerning e.g.atomic positions and
occupancies. The experiments in our present work were penfed on structurally
well described single crystal with the tetragonal orderedam-centrosymmetric
BaNiSns-type structure [74]. Moreover, during our experiments on ANDA and
D10 instruments, we investigated the possibility of anothhanagnetic propagation
vector as presented in Ref. [55]. We found out a tiny peak cesponding to the
re ection (0.5, 0.5, 0) and another one at (-0.5, 0.5, 0) re@ion. The intensities
of these peaks were considerably weaker than the ones obsdrior magnetic
peaks described by propagation vector (0.4, 0.6, 0), see Uiig 4.16 (the peak
described as (-0.5, 0.5, 0) is not visible in the intensity ale). Nevertheless,
we were able to examine these%( % 0) peaks at temperatures from 1.7 K to
200 K during our measurement on D10 instrument. No change ofdghntensity of
these peaks was observed in the whole temperature interv&ln the other hand,
the peaks described bk = (0.4, 0.6, 0) disappeared at temperature of 2.7 K
(as demonstrated in Figure 4.17).5 contamination from the (1, 1, 0) nuclear
re ection might be a certain source of intensity on the%, % 0) re ection. However
Oohara et al. [55] presented the temperature development thie observed peak,
which is in a strong disagreement with; contamination. Such a temperature
evolution was not reproduced by our study. The structural derence thus remains
the only explanation.

The measurements employing the inelastic neutron scattag on CeCuAj [4]
and CeAuAl; [84] strongly corroborate our results. The crystal eld paaimeters
obtained for both isoelectronic and isostructural compowts: B} = 0.611 meV,
BS = -0.015 meV andjBj}j = 0.317 meV for CeCuAk and B) = 1.2036 meV,
B = -0.0031 meV andjBjj = 0.4269 meV for CeAuAk, lead to the same type of
magnetic anisotropy with magnetic moments arranged withithe basal plane. In-
deed, our present study on CeCuAlas well as previous investigation of CeAuAl
[84] reveal the magnetic moments to be con ned within the bas plane. The
magnetic structures are thus fully consistent with reporteé CF parameters. On
the other hand, the CeCuA} study of Oohara et al. [55] points out to the mag-
netic moments aligned along the c-axis, which is in the strgndisagreement with
our study and also with the CF parameters [4].

Magnetic structures in Ce T X3 compounds

We should discuss the value of magnetic moment in CeCyA0.28(1) g/Ce®")
which is signi cantly reduced compared to full C& moment. Such a small ground
state magnetic moment is not exceptional among @e&; compounds adopting
the BaNiSns;-type structure. CeCoGg compound reveals the magnetic moment
of 0.405 /Ce3* [41], CeRhGg the moment of 0.45 g/Ce3* [39]. Even a small-
er value of magnetic moment (0.13 g/Ce3") was found in CeRhSj [78]. A
similar value is predicted also for CelrQi[79]. On the other hand, CeCuGa
(1.24 /Ce®") [47] and CeAuAk (1.05 g/Ce3") [84] reveal signi cantly high-
er magnetic moments. The small value of magnetic moment in ége C& X3
compounds is often associated to the in uence of Kondo e eain long-range
magnetic ordering. However, the Neel temperature and Kondtemperature are
similar for all CeT X3 compounds pointing out to similar reduction of magnetic
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moment due to Kondo e ect. It is thus unlikely, that the magndic moments
within CeT X3 family di er so signi cantly because of a sole Kondo e ect ad
other mechanisms have to be taken into account. The in uencaf crystal eld
plays an important role, however, the values of magnetic mants based on CF
calculations are slightly higher then 1 gz/Ce3* for above listed compounds. The
previous?’Al NQR studies on CeCuA} [92] and NMR on CeAuAk [93] brought
the signi cant piece of information about the size of magn& moment in these
compounds. While in CeAuA} the Ce magnetic moment is predicted to be re-
duced by about 25% due to Kondo screening [93], CeCyAlhould exhibit much
smaller magnetic moment € 0.2 g/Ce3") [92]. Based on the?’Al NQR re-
sults, the cancellation of the respective internal elds tm nearest neighbor Ce
moments is a probable explanation for such a small value. leed, the neutron
scattering study on CeAuA} [84] revealed signi cantly higher magnetic moment
than that in CeCuAl; in our present study. This agreement shows, that the in-
teratomic distances play crucial role in the formation of mgnetic ground state.
The reason behind so signi cantly di erent values of magnét moment in Cel X3
compounds needs to be further investigated, though. Presainly, the combina-
tion of neutron scattering and nuclear magnetic resonancedhniques would bring
proper explanation.

When comparing the magnetic propagation vectors within th&€eT X3 fam-
ily of compounds crystallizing in the non-centrosymmetri®aNiSns-type struc-
ture, one can distinguish three di erent types of magnetictaucture propagation:
CeCuAl; (k=(0.4, 0.6, 0)) and CeCuGg (K =(0.176, 0.176, 0)) [47] form the rst
group, in which the magnetic moments lie within the basal plee and the antifer-
romagnetic propagation occurs also within the basal plané&he second group is
formed by compounds with the magnetic structure charactezeéd by propagation
vectorsk = (ky = ky =0, k; 6 0), i.e. the magnetic moments form ferromagnetic
planes which are propagating antiferromagnetically alonthe c-axis. CeCoGg
with R = (0;0;1) [41], CeRhGeg with kK = (0, 0, 2) [39] and recently investi-
gated CeAuAk with K = (0, 0, 0.52) [84] belong to this group. The last part
of Cel X3 family crystallizing in BaNiSnz-type structure contains compounds
with more complex magnetic structures described by more gaal propagation
vectors: CeRhS and CelrSg show the propagation vectors (0.218, 0, 0.5) and
(0.265, 0, 0.43), respectively [78, 79]. The systematicstire propagation of mag-
netic moments in these compounds is not obvious so far. Onegi expect, that
the lattice parameters would play an important role in the mgnetic structure
formation. The c=aratio itself does not seem to be the only driving parameter -
rather close values of=aratio 2.48 and 2.51 are found for CeAuAland CeCuAk
compounds showing di erent propagation direction [74, 84kee Table 4.1. The
c=aratio in CeT Ge; and Ce€l Si; takes the value of 2:3 [41, 39, 78, 79] and
these compounds exhibit propagation vector with z-compongek, 6 0.

The nearest interatomic Ce-Ce distance (i.e. lattice paragter a, see Table
4.1) seems to be crucial for the ordering of magnetic moments CeT X3 com-
pounds: CeCuA} [74] and CeCuGa [47] with k, = O exhibit nearest Ce-Ce
neighbors distances lower than 4.8, whereas CeCoGg[41], CeRhGg [39] and
CeAuAl; [84] with a > 4:3 A propagate along the tetragonal axisK, 6 0). In the
third group formed by CeRhSj [78] and CelrSi [79], both a and c are relatively
small (i.e. small lattice volume), what brings the second raeest Ce-Ce neighbors
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Figure 4.19: The lattice parameters of CEX3; compounds. Nearest Ce-Ce neigh-
bors distance, i.e. lattice parameteila vs. cube root of volume of elementary
unit cell (aac)% is shown. The colored symbols mark the type of magnetic prop-
agation vector as discussed in text: red symbol belongs toetttompounds with
zero z-component of magnetic propagation vector, blue sywikthen to the com-
pounds with (kx = ky =0, k, 6 0) and green symbol marks the compounds with
more complex propagation vectors. White circles denote cpounds with not
yet revealed magnetic structures. The colored areas accmgly denote predicted
propagation in other Cd X3 compounds.

signi cantly closer to each other ( 5.7 A, compare to 6.1 A for CeCuAl; [74]
and CeCuGa [47]) and probably has some impact on the magnetic propagaii.
We are aware that the tentative considerations above are ke on the knowledge
of magnetic structures only in a rather limited number of comounds. We have
constructed a phase diagram of deX; compounds (presented in Figure 4.19)
based on above considerations and lattice parameters ldtie Table 4.1. Cdl X3
compounds are divided into three groups according to theiattice parametera
(i.e. nearest interatomic Ce-Ce distance) and volume of etentary unit cell. This
arrangement respects the type of magnetic propagation vectin all previously
studied compounds. The predictions on the type of magnetiagpagation vector
for other CeT X3 compounds has to be yet con rmed.

4.1.5 Inelastic scattering on CeCuAl 3 single crystal

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

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

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

In a future study on IN20 spectrometer with polarized neutroranalysis is
planned (accepted proposal at ILL) to investigate the highreenergy part of spec-
trum of CeCuAls, i.e. to study the whole picture of crystal eld excitationsas
well as vibron state in single crystal. Such a study intendsotbring further un-
derstanding into the CF exciton-phonons interaction as wera able to distinguish
between magnetic and phonon contributions to the INS spectnasing polarized
analysis on IN20 spectrometer.

500 ] S T T ] T T T ] T T T ] T T T ] T T T ] T
CeCuAl, i
400 Q=(0.4,06,0) T
k,=1.5A" ]
300 -
—A— 15K
—— 15K n
—0— 60K
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I (counts/ monitor 900 000)

Energy transfer (meV)

Figure 4.20: The low-energy part of inelastic neutron scating spectrum of
CeCuAl; measured using the ThALES spectrometer at ILL, Grenoble. Theea-
surement was performed afQ point (0.4, 0.6, 0) with scatteredk, = 1.5 A 1.
The intensity is given in units of counts per monitor as the amting 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 CeCuA{ single crystal, we studied
also several substituted systems to obtain a broader pictirof the microscopic
nature of CeCuAk 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.gfsRe
[54, 95, 96]. The previous magnetization measurements of CIgAIl, 4 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 cleatrengthening of the
ferromagnetic interactions with decreasing Cu content [525]. The ordering tem-
perature showed only a weak concentration dependence. Thgstal eld split-
ting of the two lowest doublets deduced from the magnetizath curves increases
roughly linearly from 9 Kto 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 ¢ heat measurements which indicated muchigher splitting
between the ground state and rst excited state [96]. This dcrepancy together
with the the e ort to track the change of nature of the magnetc ground state
in these compounds motivated us to perform investigation dhe CeCuyAl,
system by means of speci ¢ heat and mainly neutron scattegnmeasurements.

Speci ¢ heat in Ce(Cu,Al) 4 compounds

Polycrystalline samples of CeClAl, « with x between 0.75 and 1.25 were pre-
pared by arc-melting stoichiometric mixtures of pure elenms in a mono-arc
furnace under protection of an argon atmosphere. The sampleere turned and
re-melted several times to achieve better homogeneity. Sidguently, the samples
were annealed for 7 days in evacuated quartz tubes at temptne of 800°C.

The X-ray di raction showed that all the prepared samples crgtallize in the
tetragonal BaNiSn;-type structure with a partial disorder of Cu-Al atoms on the
4(b) positions corresponding to non-stoichiometricity oEompounds withx 6 1.
The determined lattice parameters are given in Table 4.5. Bo 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 ofis much steeper, the
c=aratio therefore decreases as well. The samples appear to bgle phase for
concentrations up tox = 1:1, diraction patterns of samples with higher Cu
concentrations contained also several weak foreign peak®revious phase com-
position study showed solid solubility of the CeCuAl, « ternary system to be
in the range 073 < 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
BaNiSns-type structure still remains as a major phase, but probablyith the
CeCu.1Al 2.9 composition. This surmise was subsequently con rmed by tHeDX
analysis on selected samples. The expected composition &amdnogeneous Cu-Al
distribution was found for samples withx ~ 1:1. In contrary, CeCu.»5Al 3.75 Sam-
ple showed three phases: the major phase with the CeG&l,.9 composition and
two minor phases with a compositions that roughly correspano Ce(Cug.cAlo:.4)s
(mentioned also in [97]) and cubic Laves phase CeAkith a small admixture of
Cu in place of Al

The speci ¢ heat of studied materials consists of the phono@,, electronic,
Ce, and magnetic, Crag, contributions. The phonon contribution in magnetic
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Table 4.5: Structural parameters of CeCuAl, « compounds and characteristics
derived from the speci ¢ heat data. Lattice parameters andhe unit cell volume,
Vi.u:, Were determined from powder X-ray di raction at room tempeature. Tgqg
is the ordering temperature,S,q the magnetic entropy at T,y used for the esti-
mation of Kondo temperature,Tx, using equation 4.2. and Anag 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
CeCU(A|4 X

a (A) 4262  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)
Vi: (A3) 195.7  195.0(1) 194.4(1) 193.0(1) 192.6(1) 191.6(1)

Tora (K) 4.0 3.5(2) - 3.02) 3.002) 2.6(2)

Sord 3.3 3.4 - 4.1 4.1 3.7

(J.mol K 1)

Tk (K) 7.2(5) 6.3(4) - 43(4)  42(4)  4.3(4)

(K) 0.4 0.16 - - 0.23 0.18

Amag 0.9 1.0 - - 1.7 1.8

(J.mol K 5%2)

LaCu,Als

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)
Vi (A3) - 199.5(1) 198.8(1) 197.4(1) 196.7(1) 196.1(1)

compounds can be often reasonably estimated from the specheat of the non-
magnetic analogues with the same crystal structure and silar mass and unit
cell dimensions. In the case of CeGAl, « series, LaCyAl; x compounds rep-
resent a natural choice for this purpose (see also sectiori)l. Concerning the
electronic part, one has to be more careful. This contribuih can be expressed
asCq = T, where  is the coe cient proportional to the density of states
at the Fermi level. The Ce-based compounds show often enhad€, compared
to equivalent compounds containing other rare-earth. We pt the speci c heat
of CeCyAl, x and LaCuyAl, « compounds for the two border concentrations
(x =0:75 and 1.1) in Figure 4.21. The specic heat of the two remaing com-
pounds & = 0:9 and 1.0) lies betweerC, of the two drawn concentrations above
20 K and is not shown to avoid large overlapping. The di ererebetween the Ce
and La analogues smoothly decreases with increasing termgdare, what rather
clearly indicates that also the electronic contribution sbuld be almost the same
( & = 5mJ.mol K 2)inthe Ce and La-based analogues, at least at higher tem-
peratures in the paramagnetic region. The magnetic parCpag, in CeCuAl,
compounds was then calculated simply by subtractingG, of the corresponding
La analogue. The obtained magnetic entropieS§ag, are displayed in the inset of
Figure 4.21. It shows a general tendency to saturate closettte expected value
of R.In6, what con rms that the La compounds represent suitabl@pproximation
of the nonmagnetic contributions.

Let us now analyzeCp5g in the paramagnetic region. Well above the ordering

66



16 Ry | | |
14 r I
12 + Rin(4) |
,:f' 10 ot e 1
: 8 Y ]
g ' £
g ° / o0 5& CeCu, Al ]
0| ;"/ x=0.9 " E Lacu::Al;;
41 x=1.0 y CeCu, A1, ]
X= 1 1 201 777777 LaCuO 7583 5
2 v, |
CeCUXA|4_x 00 50 100 150 200 250 300
O L 1 . ) |
0 50 100 150 200 250 300
T (K)

Figure 4.21: The magnetic entropy of CeGWl, x compounds in the whole mea-
sured temperature range. The inset shows the temperature pgndence of the
speci ¢ heat of CeCyAl; x and LaCuyAls « (X = 0:75 and 1.1) compounds.
The other concentrations exhibit basically similar behaar above 10 K.

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

The CF energy levels atE; = 1:3 meV andE, = 20:5 meV were directly ob-
served by inelastic neutron scattering in CeCuAl[4]. The Schottky contribution
calculated using these values is compared with experimehtiata in Figure 4.22.
The main features are reproduced, especially the enhancemef C.,, below
20 K. The di erence between observed and calculated data mde ascribed to
certain dispersion of the CF levels and possible small di ences in the phonon
spectra of CeCuA} and LaCuAl;. We have also to remind the existence of the
vibron state in CeCuAk, see section 3.2 [4], which certainly in uences both the
phonon and Schottky contributions.

Certain development of the energy splitting between the gumd state and rst
excited state with respect to Cu concentratiorx was deduced from magnetization
curves [54]. E; was reported to increase almost linearly from 0:8 meV for
x=1:1to 2 meV forx =0:7 [54, 95]. The predicted value cE; 2 meV
for CeCuw.7Al 3.3 is however in a strong disagreement with the heat capacity tia
[96]. According to the specic heat, it was suggested thaE, should lie above

7 meV. Our present analysis is in a good agreement with this foer study.
We can clearly exclude existence di; around 2 meV for CeCy.75Al3.25 even
considering all the uncertainties mentioned above for Ce@ils. We estimate
E.' 86 meV, the corresponding data are drawn in Figure 4.22. Ceg4Alz.,
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Figure 4.22: The magnetic speci ¢ heat in the paramagneti@egion. The full lines
represent calculation of Schottky contribution to speci cheat using equation 2.7.

shows rather similar behavior as CeCuAlwith a large Cy,5g below 20 K and thus
relatively small splitting E, whereas CeCu;Al,.q is much closer to CeCgl7sAl 325
(compare also the entropy in Figure 4.21). We can thus tentaely conclude that
the energy splitting to the rst excited state does not follev a linear dependence
on x as previously suggested [54], but instead seems to have aimum value
around the stoichiometric CeCuAd and increase strongly fox moving away from
1.0. This speculative picture is to be con rmed by inelastineutron scattering.

The low-temperature part ofCy,og=T for all concentrations is drawn in Figure
4.23. For comparison, we include also the data of CegAl 3.3 taken from Ref.[96].
The deduced ordering temperatures are summarized in Table54 CeCu.9Al 31
shows an additional transition atT; = 1:2 K. The temperature dependence of
Cmag below Toq seems to be qualitatively similar for all compounds. It is s$oe-
what surprising as the ground state was reported to developetween ferromag-
netic for CeCuw7Al 3.3 [95, 54] and antiferromagnetic in CeCuAl The Cyaq T3
dependence which should occur in a typical 3D antiferromagnis clearly not
observed for any Cu-Al concentration. Therefore, we tried ttollow the approach
applied for CeCuy.;Alz3 and t the data below T,q to the following formula
[98, 96]:

Crmag = € TAmagT 2: (4.1)

The coe cient An.g is related to the spin velocity in the magnetically ordered

state and is the energy gap in the magnon dispersion relation. THE? term
corresponds to 3D ferromagnetic magnons. The results of theare summa-

68



°°, ° x=0.7
201 e e x=0.75
. ¢ 3 e x=0.9
NM | .oo.....:.. e x=1.0
= 15 ‘ e x=1.1
g 929" _ 500000
= ® e °, o% .
- o, o o i
SR N et
g .. .......‘OO
U () Q@
0.5 “eeeq, f&g:o: ool
oooo.... o ..a °
[ ]
0.0 | | | | |
0 1 2 3 4 5 6
T (K)

Figure 4.23: The low temperature part of the magnetic spea heat. The full
lines represent the t to equation 4.1 with the parameters $ited in Table 4.5. The
data for CeCuy.7Al 3.3 were taken from Ref. [96].

20 + o5 -

x = 0.75 8 % x=1.1

—_
wn
T
|
I
1

_
(]
T
[ ]
LY
(]
1
T

(J/mol.K?%)
&
& O..
®

p

CcC /T

...
’O

&

(e
(9]
T
e 00
° Qogo
°
°
°
fﬁ
)
°
NG
ce ®
e
°
|
T
g‘
4
<)
S

0.0 Il Il Il 1 Il Il Il Il

T (K) T (K)

Figure 4.24: The low-temperature speci ¢ heat of CeG&l, 4 (x =0.75and 1.1)
measured in external elds of 0.0 T (yellow), 0.2 T (red) and .D T (blue).

rized in Table 4.5 and the calculated data are drawn in Figurd.23, except for
CeCu.9Al3; where the temperature region below; is too small to perform a
reasonable t. As can be seen from Figure 4.23, the data are Wwetproduced.
All the parameters listed in Table 4.5 were obtained assumingo increase of
the electronic part at low temperatures. To allow better comparison, we re-
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t also the data for x = 0:7 [96] under this condition. Introducing additional
el T term in equation 4.1, which would re ect larger low-temperare ¢-value

compared to the paramagnetic state, leads still to reasoniab ts for ¢ up to

' 100 mJ.mol 'K 2. The value of would then also change as both parameters

are highly correlated.

Another quantity which can be directly evaluated from the lowtemperature
CF;J data is the magnetic entropy at the ordering temperatureS,4. The deter-
mined values are listed in Table 4.5. We note that we do not ihade the Schottky
part into it. Nevertheless, it would represent only a minor cAnge of' 5% of
Sorg in CeCuAl; where the rst excited state occurs at lowest energy. All the
values are lower compared t&®.In2 expected for a doublet ground state for Cé
ion in an ideal case. The reduction can be ascribed to compegi Kondo e ect
which exhausts part of the magnetic entropy above the ordewy temperature.
The Kondo temperature can be roughly calculated using thersple calculation
based on the two-level model [99]:

Tk
Sty - In(L+e ™)+ Tx LNTK; (4.2)

R TN1+eW

whereR is universal gas constant. The calculatedk are given in Table 4.5. The
value for x = 0:7 was corrected, the original value written in Ref. [96] doe®ot
correspond to the givenSy,q and Toq. Although the absolute value ofTx might
di er depending on the type of measurement and analysis appach, the trend
should be credible:Tx decreases with increasing between 0.7 and 0.9 and then
stays almost unchanged up tx = 1:1. It is a somewhat surprising tendency as
one expects usually an opposite development B,y and Tk.

An important information about the nature of the ground state can be ob-
tained from the in uence of external magnetic eld onCp,y. We have performed
measurements in 0.0, 0.2 and 1.0 T, the results are presentad-igure 4.24. We
observe a clear qualitative change between CegaAlss and CeCu.1Alz9. In
the former case, the entropy (i.e. the area belo@,=T) is clearly shifted to higher
temperatures already in 0.2 T. It is usually a sign of the feamagnetic order. It is
consistent with previous studies which report ferromagnietorder in CeCuw.7Al 3:3
[95, 96]. Contrary to that, specic heat of CeCuA} (see also subsection 4.1.3)
and CeCu.,Al,g is almost una ected by 0.2 T eld, small shift of the entropy
to higher temperatures occurs in 1 T. Such behavior might bexgected for an
antiferromagnet with a slow gradual transition towards fetomagnetic ordering in
increasing magnetic eld. CeCygoAlz; shows a more complex eld development
representing possibly some transition between both type$ loehavior.

Inelastic neutron scattering on Ce(Cu,Al) 4

The inelastic neutron scattering experiments on CeG&l, x compounds were
performed using IRIS and MARI spectrometers at ISIS, Didcoin collaboration
with Dr. Devashibhai T. Adroja. The purpose of the investigaibn 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 cdtedata analysis (see
previous section), we expected the energy spectrum of CeGAlz.; to be similar
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to parent CeCuAk, including the additional magneto-phononic excitation pak
in the spectrum. The other two compounds with Cu contenk = 0.75 and 1.1
were expected to exhibit a qualitatively di erent energy spctrum, presumably
without any additional magnetic peak.
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Figure 4.25: The low-energy part of spectra of CeGAl, « measured at 4 K. A
clear di erence between the parent CeCuAl(taken from Ref. [4]) and substituted
compounds is observed. The blue full line represents the dotzian t of the
elastic peak.

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

The higher energy part of CeCuAl, « spectra was investigated using MARI
spectrometer and measured data are presented in Figure 4.dte presented data
were obtained by subtracting La analogue data from CeGAl, 4 via relation
Sm(Q;!) = SCeCuAls x(Q;1) :S LaCuxAls x(Q; 1), where (=0.673, 0.688 and
0.706) is the ratio of total-scattering cross sections f&® Cu,Al, x with R = Ce
and La andx = 0.75, 0.9 and 1.1, i.e. purely magnetic excitations are sha.
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Figure 4.26: The inelastic neutron scattering energy speat measured on

CeCuAl, 4 using MARI spectrometer. The presented magnetic data were -ob
tained by substraction of La analogues data from CeGAl, , data as explained

in text.

Two clear CF peaks in energy spectrum of all three investigad Cu-Al sub-
stituted compounds are observed. The intensities on obsedspeaks di er sig-
ni cantly for dierent Cu-Al content; the most noticeable di erence could be
traced in comparison to the parent CeCuAl, see Figure 3.2. The peak around
10 meV found for CeCyAl, , with X 1 shifts to lower energy of 7 meV in
CeCu.1Al,9. Moreover, the intensity on 10 meV peak decreases with inaseng
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 tife intensity
might point out to the presence/absence of the CF peak at lo@nergy part of
the spectra, i.e. a small intensity on 10 meV peak originates the presence of
the CF peak at low energies (at around 1.3 meV in CeCuAl4]), while higher
energy means no low-energy CF excitations. In other wordssaong CF exciton-
phonon interaction has also a great impact on the intensityf@ll CF (CF-phonon)
peaks. Such an assumption seems to be correct as we do not nleseny CF peak
at low energies for substituted compounds (see Figure 4.28pwever, a further
investigation and mainly theoretical description are nessary.

The measured CeCpAl, 4 INS spectra in Figure 4.26 were tted to the CF
Hamiltonian presented in equation 1.7 and the re ned CF parasters are in list-
ed in Table 4.6. The re ned CF parameters do not di er signi antly as the
CF excitations are found at similar energies. In contrast wh parent CeCuAls,
B parameter has a positive sign leading to no CF excitation iroWw-energy part
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Table 4.6: The parameters and eigen-values of crystal eld IHaltonian describing
the CF excitations in CeCyAl, x compounds. Data were measured at 4.5 K.
The data for pure CeCuAg were taken from Ref. [4]. See text and Figure 4.26
for more details.

X 0.75 0.9 1.0[4] 11
L (mev) 9.8(1) 10.1(1) 1.3 7.2(2)
,(MeV) 26.3(2) 20.7(2) 9.8 20.6(2)
9 (meV) 20.5

BJ (meV) 0.90(2) 0.61(2) 0.611(2) 0.88(8)
BO (meV) 0.042(1) 0.039(1) -0.015(1) 0.045(1)
B4 (meV) 0.265(3) 0.229(3) 0.317(4) 0.210(4)

of the spectra of all substituted compounds. The parameteBS develops also
remarkably: BY is almost the same for pure CeCuAl[4] and forx = 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 pamngeters have a
similar values in all three substituted compounds. Such a delopment of CF

parameters with Cu-Al substitutions suggests that CeCypAls.; stays closest to
parent CeCuAk (the CF exciton-phonons interaction is still not strong enogh

to invoke an additional magneto-elastic peak), while othen compaositions reveal
quite di erent energy spectra.

We note the presence of another two small peaks at around 15da25 meV
in energy spectra of CeCgysAlss and CeCuy.9Alsq, respectively. These peaks
could be associated with phonon peaks, which di er slightlyn Ce and La ana-
logues, i.e. the phonon part of spectra is not completely swacted from the
data. Second explanation could be the presence of strong Ckeigon-phonon in-
teractions, which cannot be proven due to relatively stronghonon peaks. Third
possibility could be a variation of composition of studiedanples; there was a
large amount of sample used for the measurement. Neverthalghe samples were
thoroughly checked by X-ray di raction and EDX analysis befoe the experiment,
which showed single phase samples.

4.2 CePd Al , and Ce T,X, compounds

The ternary intermetallic CeT,X, 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 behaviomlence- uctuations,
non-Fermi-liquid behavior or pressure induced superconchivity are frequently
present in C&,X, compounds crystallizing in the ThCpSi,-type structure (space
group 14/mmm), see Figure 4.1 and Refs. [100, 101, 102, 2941005, 106, 107].
The observed behavior is frequently discussed with respdct the competition
between RKKY and Kondo interactions. The in uence of the crgtal electric
eld is also a strong mechanism one has to take into account.h€ second crystal
structure in which CeT,X, compounds were often found to crystallize, CaB&e,-
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. Neverkbss, such a structure
di erence in uences signi cantly the electronic properties as well as the structure
stability of CeT,X, compounds. The compounds crystallizing in CaB&e,-type
structure typically do not reveal properties mentioned abee for those crystallizing
in ThCr,Si,-type. On the other hand, compounds crystallizing in CaB&e,-type
structure undergo a structural phase transition to structues with lower symme-
try (or structural distortion) in many cases, see Refs. [10&, 109, 110] as an
example.

CePd,Al, crystallizes in the CaBgGe,-type structure and reveals both struc-
tural instability and interesting physical properties. Cdd,Al, was reported to
undergo the structural phase transition from tetragonal atered centrosymmetric
CaBe,Ge,-type structure to centrosymmetric orthorhombic Cmma-ty@ struc-
ture at Tgpye = 13.5 K [3]. See Figures 4.1 and 4.27 for the illustration. Bele
the structural phase transition, another highly interesthg phenomenon was ob-
served in CePdAl,: the inelastic neutron scattering energy spectra displayna
additional peak which cannot be described in terms of pureystal eld splitting
[3]. The Thalmeier-Fulde model based on CF exciton-phonomsteractions [36]
well describes this additional peak with following paramets of crystal eld and
electron-phonon interaction [3]: 8 =0.6 meV, B} =0.0302 meV, B} = 0.027 meV
and g = 1.41 meV. See also chapter 3.

CaBe,Ge, m@ v m@ 7 b) c)
Oea  [(DNES T
O Be @Z@@%
O Ge 8 ) j
a) B CD(C\)i Q Atetr
ﬁLi@@ IOra) 76’] CI lstructural transition
O of| [ LT
|| |t
N sddifasas

Figure 4.27: The elementary unit cell of tetragonal centrgsnmetric ordered
CaBe,Ge,-type structure (a), 8 elementary unit cells with marked urti cell as
shown in Figure 4.1 (b) and transition from tetragonal to orhorhombic Cmma
structure (c). Tetragonal (orthorhombic) plane is shown ingure (c).

LaPd,Al, reveals the same type of structural phase transition as CepAl,
at temperature T52. = 91.5 K [3]. The temperature of structural transition
in Ce and La counterparts is discussed with respect to the @ence of vibron
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state: the strong electron-phonon interaction stabilizethe tetragonal phase in
CePdAl,, i.e. the structural transition is observed at lower tempeatures than
for La analogue [3].

4.2.1 CePd Al ; single crystal

To investigate physical properties in CePgAl, in detail, we prepared a single
crystalline sample. Our study of single crystal is descriden detail in the master

thesis of Petr Dolezal [62] and in our paper [64], especialthen the results con-
cerning the magnetization measurement, electrical resigty measurement and

measurement of the electrical resistivity under hydrostat pressure.

Preparation and structure characterization

The CePdAl, single crystal was prepared from polycrystalline precursasing
the tri-arc furnace employing modi ed Czochralski pullingmethod (see section
2.1). Grown sample was additionally sealed in quartz glasedannealed at 800C
for 10 days. Prepared single crystal was checked rst by Ladéray di raction
pointing to a single grain crystal adopting a tetragonal suicture. Subsequently,
small part of ingot was crushed and investigated by powder Xay di raction at
room temperature. The one phase diraction patterns were ted to the mod-
el containing the tetragonal ordered centrosymmetric CaB&e,-type structure
(space group 129, P4/nmm) using the Rietveld analysis empiag the Fullprof
program [11]. The best t was obtained for lattice parametes: a = 441.5(1) pm
and ¢ = 987.5(2) pm (with the agreement factorsRgagq = 6.5% and Ry = 6.4%).
The obtained values of lattice parameters are well in agreemt with polycrys-
talline data (see subsection 4.2.2 and Ref. [111]).

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

Magnetization measurement

The temperature dependencies of magnetization in the paragnetic region mea-
sured along and perpendicular to the c-axis are presented kigure 4.28. The
measurement along basal plane directions [100] and [110dt(shown for better
lucidity) led to almost the same dependencies, indicatingevy small basal-plane
anisotropy. The data were tted to the Curie-Weiss law (eqution 2.2) in temper-
ature region from 80 to 300 K for all directions resulting intie e ective magnetic
moment values of 2.59 g and 2.45 g for directions [100] and [001], respectively,
close to the value expected for C& free ion. The paramagnetic Curie tempera-
ture, p, was estimated to be -3.4 K and -80.0 K for directions [100] @rj001],
respectively. The values oH=M and corresponding Curie-Weiss ts (black lines)
are shown in Figure 4.28. The negative values of for both crystallographic
directions suggest the antiferromagnetic order. The largdi erence between the
p values obtained forH k [100] andH k [001] re ects a strong CF anisotropy
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in CePd,Al,. The comparison ofM=H for [100] and [001] then indicates the
magnetization easy basal-plane in CeRAl,.
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Figure 4.28: The temperature dependencies M=H measured with external

magnetic eld of 1 T along [100] and [001] directions. The rgwocal values

are presented as well. The black lines ad=M (T) dependencies calculated
from parameters ¢ and p (obtained from the ts of measured data to the

Curie-Weiss law 2.2). The gure was previously published sb in the diploma

work of P. Dolezal [62] and Ref. [64]. The colored lines atd=M (T) dependen-
cies calculated from CF parameters determined from neutrastattering data [3]:

BS = 0.60 meV, B} = 0.0302 meV andjBjj = 0.027 meV.

Speci ¢ heat

The specic heat measured on CeRd\l, single crystal and its polycrystalline
La counterpart is presented in Figure 4.29. The magnetic pba transition at
2.7 K as obtained from magnetization measurement [64] is Wwetproduced by
clear anomaly on specic heat data. The transition temperatre obtained by
the idealization of the specic heat jump at the phase transion temperature
under the constraint of entropy conservation yield3y = 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 of Ty and magnetic entropy to lower temperatures would serve
as a clear indication for the antiferromagnetic order, suchehavior might still
be consistent with antiferromagnetic ground state. A subd shift of entropy to
higher temperatures in magnetic eld of 3 T then probably reects changes in the
magnetic structure with signs of ferromagnetic order in higer elds, in agreement
with magnetization measurements (metamagnetic transitrowas observed around
2 T for [100] direction) [64]. The clearly pronounced anomatorresponding to the

76



structural phase transition from tetragonal to orthorhombc structure is observed
around 13 K. The magnetic eld of 3 T has no impact on this anomg (see Figure
4.29).

4— 4 F T T T T T T T T T 1

L - e 00T 4 |
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p

C /T(J.mol'K™)

Figure 4.29: The temperature dependence of speci ¢ heat irBd,Al, single crys-
tal and LaPd,Al, polycrystal. The inset contains the zoomed low-temperater
region with the data measured in external magnetic eld apptd along [100] direc-
tion. The gure was previously published also in the diplomavork of P. Dolezal
[62] and Ref. [64].

The total specic heat of CePgAl, is considered to consist of phonon, elec-
tronic and magnetic contributions: C, = Cp, + Cq + Cpag. The isostructural
non-magnetic La analogue could be used for a reasonableraation of the phonon
and electronic part of specic heat. The almost perfect ovip of speci c heat
data for Ce and La counterparts at high temperatures justi 8 such an approach
(see Figures 4.29 and 4.30). However, both compounds undetige structural
phase transition, which brings certain uncertainties in th estimation of Cag.
The structural transition in LaPd,Al, around 99 K reveals itself in only very
small broad anomaly on speci ¢ heat data as discussed in seat4.2.2. On the
other hand, the anomaly around 13 K in CePgAl, is well pronounced (see Figure
4.29). We should note, however, that the measurement was aoon polycrys-
talline sample of LaPgdAl,, whereas single crystal of CeRdl, was measured.
The structural transition in CePd,Al, is furthermore a ected by CF exciton-
phonons interaction which involves cerium magnetic degreef freedom, so it can
contribute to the overall magnetic entropy. In Figure 4.31we show the magnetic
entropy obtained as a simple di erence between the Ce and Lat (i.e. fully
including the entropy related to the transition around 13 K)and magnetic en-
tropy obtained when the speci ¢ heat corresponding to the amaly around 13 K
is completely subtracted from the Ce data. The two approackecould be consid-
ered as a lower and upper limit of the magnetic entropy. The mr of estimation
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Figure 4.30: The speci ¢ heat of CePgAl,, LaPd,Al,, the magnetic contribution
to the speci c heat for Ce analogue and Schottky contributio to the specic
heat. Schottky contribution was calculated from CF splitthg energies 0, 1.4 and
16 meV (solid line) and 0, 8 and 16 meV (dashed line) [3]. Fotuktration, the
error bar at 40 K corresponds to 2% error of the heat capacity easurement.

of magnetic speci ¢ heat (Figure 4.30) and entropy is also banced 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 temperates which is not
a ected by any uncertainties related to the structural trarsition. The values of
Smag at the lowest measured temperature of 0.4 K are obtained assing linear
Cp,=T vs. T dependence below 0.4 K. The magnetic entropy at the ordering
temperature, Sy, = 4.4 J.mol 'K 1, is signi cantly lower than R.In2 expected
for a doublet ground state of the C& ion. The value of R.In2 is reached only
around 7 K, see inset of Figure 4.31. Although certain ambigwiof extrapolation
of the low-temperature part could lead to a certain error (upo 5%), the reduction
of the magnetic entropy atTy seems to originate in a competition of RKKY and
Kondo interactions, i.e. Kondo e ect exhausts part of the mgnetic entropy above
the ordering temperature. One can speculate alternativelbout the short-range
correlations aboveTy. The Sy, value was used for a rough estimation of Kondo
temperature, T, via equation 4.2: Tx = 3.4(2) K.

Crystal eld in CePd Al , - discussion

The vibron state was observed as an additional peak in the ilastic neutron
spectra of CePdAl, compound adopting tetragonal structure [3]. Although the
theory how to incorporate the vibron states into the calculaon of magnetization
and heat capacity is, to our knowledge, not developed yet, vean try to test CF
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Figure 4.31: The temperature dependence of magnetic entyogetermined as sim-
ple di erence between the Ce and La dataSce La) and with additional subtrac-
tion of the speci ¢ heat of the structural transition anomay at Tgyue (Sce La sTA)-
The inset contains the zoomed low-temperature part of entpy, where the arrows
mark the phase transitions as obtained from anomalies on gpe heat data.

parameters by comparing with the magnetization and speci beat data without

taking into account the in uence of vibron state. The measwed H=M (T) depen-
dencies in Figure 4.28 are compared to the curves (coloredels corresponding
to speci c magnetic eld directions) calculated using the bove given CF pa-
rameters. The agreement between the measured data and céed curves is
impressive: not only the mutual anisotropy, but also the maggtization magni-

tude are in a good agreement. The observed discrepanciesaatdr temperatures
could be tentatively ascribed to the in uence of vibron sta@ which is not taken
into account during the calculation as well as the in uence fostructural phase
transition.

The magnetic part of speci ¢ heat in the paramagnetic regiowell above the
ordering temperature is generally described by Schottky dimula and the crystal
eld splitting of the multiplet ground state. The Schottky contribution above
13 K is calculated from CF splitting energies for tetragonatrystal structure:
0, 1.4, 8 and 16 meV. At lower temperatures the compound adopadready or-
thorhombic crystal structure, where the CF parameters andlso eigenenergies
are signi cantly di erent, see section 4.2.4. The experim#al C,, was com-
pared with the Schottky contribution calculated using the aergies of CF levels:
0, 8 and 16 meV. The data are drawn in Figure 4.30. The calculat clearly fails
to describe the experimental data, even considering someattenhanced error of
the magnetic speci ¢ heat. Instead, the data are well repratted when consider-
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ing energy level at 1.4 meV (with degeneracy 2), see Figurd@. The degeneracy
of individual levels might be matter of debate. Figure 4.30h®ws a simple case
with further doublet state at 16 meV and no level at 8 meV. Takig into account
only levels at 1.4 and 8 meV leads to much worse agreement (rsbiown).

4.2.2 Physical properties of CePd ,(Al,Ga) , compounds
Crystal structure and structural phase transitions

Polycrystalline RPd,Al, Ga, samples, wher®k = Ce and La and wherex ranges
from 0.0 to 2.0 with a step of 0.4, were prepared by arc-melgrof pure elements
in a mono-arc furnace under the protection of an argon atmosere. All the
samples were additionally sealed in a quartz glass under gsere of 104 Pa and
annealed for 10 days at 85C.

To verify the crystal structure and to re ne the structural parameters, the
X-ray diraction patterns were recorded at room temperature The structure
parameters were re ned by Rietveld analysis using the Fulipf program [11].
The analysis revealed the ordered centrosymmetric tetragal crystal structure
of CaBeGe,-type (space group 129, P4/nmm) at room temperature for the ole
series. The re ned lattice parameters are listed in Table 4. The stoichiometry
and chemical composition of prepared samples were checkelosequently by EDX
analysis revealing one phase samples with expected staichetries.

The low-temperature X-ray di raction was used to investigaé the structural
phase transitions in (Ce,La)PdAl, Ga, compounds in detail. Detailed descrip-
tion of structure parameters development with temperaturés part of the master
thesis of Petr Dolezal [62] (only in czech language) and ouecent publication
[111]. We restrict ourself only to the description of foundow-T orthorhombic
structures (see Figure 4.27) and to the development of strueal transition tem-
peratures in CePdAl, ,Ga, and LaPd,Al, Ga, series (see Table 4.7 and Figure
4.32) as it is important for further discussion in section 2.4.

The CePd.Al, Ga, compounds undergo the structural phase transition from
tetragonal CaBeGe,-type structure to orthorhombic structure (Cmma) in tem-
perature range from 13 to 130 K depending on Al-Ga concentrah. Surprisingly,
the statement is valid also for CePgGay, for which the low-temperature phase
was identi ed as the triclinic structure by Kitagawa et al. [L09]. Nevertheless,
the low-temperature lattice parameters in CePglza, and in the rest of the series
di er signi cantly, what leads us to labels: orthorhombic | and orthorhombic I
structure for x < 2 and x = 2, respectively. The lattice parametersa and b
di er only slightly in the case of orthorhombic | structure. Their values are very
close to the length of a tb';1§al plane diagonal of tetragonalrgtture (see Figure
4.27), i.e. agrn boin = 2awey . Orthorhombic Il structure then reveals more
pronounced di erence between parameterg and b. The orthorhombic | and Il
structures are isostructural, nevertheless, the Al-Ga sutisition does not lead
to the transition between them. One can rather suppose a foation of one of
them, while the other wears o. Intervals of coexistence cddi be traced. For
more details see Ref. [111]. Ce and La counterparts underdee tsame type of
structural transition.

The concentration dependencies of the structural phase trsition tempera-
ture, Tspue, IN CePdAl, «Ga, and LaPd,Al, Ga, compounds (as determined
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Table 4.7: Basic structural and magnetic properties of (Cea)Pd,Al, Ga, com-
pounds. The lattice parametersa and ¢ at room temperature as determined by
Fullprof program [11]. The agreement factors of the t to daa were< 12% in all
compounds. The e ective magnetic moment . and paramagnetic Curie tem-
perature , as determined fromH=M vs T dependencies. Neel temperaturdy
was obtained from magnetization and electrical resistiwtmeasurements. More-
over, structural phase transition temperatures of CePd\l, Ga, compounds,
T&e., and their lanthanum analoguesT.2 ., as obtained from electrical resistiv-
ity measurements are presentedl is a parameter that represents inter alia the
strength of ferromagnetic correlations in a given compoundbtained from MR
measurements.

X a C Tstruc e p T,{lnag Tl(les T
(pm) (pm) (K) (8) (K) K) (K (K

CePdAl, ,Ga, TS

0.0| 441.5(3) 987.4(6) 13.5(9) 2.55(2) -12.8(3) 2.8(1) 2.7(1).015)

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).0%5)
12| 4415(33) 985.2(6) 62(7) 253(2) -14.8(3) 2.4(1) 2.4(1) 15
1.6| 441.8(5) 983.5(9) 88(8) 2.61(2) -17.5(3) 2.3(1) 2.4(1) 045
2.0| 442.5(4) 984.5(7) 126(7) 2.56(2) -15.5(3) 2.2(1) 2.3(1) OG4)
Lan2A|2 <« Gay TsLt?uc

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)

12| 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 agreememwith low-T X-ray

di raction data) are presented in Figure 4.32. The concensation development of
structural transition temperature is very di erent in these two series. T52 . shows
a smooth weak decrease with increasing Ga content. In corgtaTSe,. remains al-
most unchanged betweer = 0:0 andx = 0:8 and starts to increase strongly with
further increase of Ga content. The concentration regior 2 (0:8; 1:2) coincides
with the change of the character of the transition. Well proounced transitions

can be traced on electrical resistivity and speci ¢ heat datfor x  1:2).

Another point, which should be discussed, is a relation beter the observed
structural properties and occurrence of the vibron statesnithese compounds.
The comparison of structural transition temperatures in tle Ce- and La-based
compounds show3 58 < T L2 . for RPd,Al, system and in contrasfT$e, > T k2
for RPd,Ga, system. This observation was tentatively attributed to theoccur-
rence of the vibron state in CePgAl, which stabilizes the tetragonal structure
[3]. Following the concentration dependence of structuréansition temperatures
in the RPd,Al, Ga, series (see Table 4.7 and Figure 4.32), one can draw a very

tentative hypothesis: the strong electron-phonon interdion resulting in vibron

81



140

Ce
- Tstruct 120

T La

struct

-
o
o

80

Ty (K)

60

structure (

T

40

20

Figure 4.32: The temperatures of magnetic and structural @se transitions in
CePdAl, Ga, compounds and its La analogues. The error bars for value Tf
are shown only forx = 2:0 for better lucidity. See also Table 4.7.

states is present in compounds witlx < 0:8, whereTSS,. is clearly lower than
T2, the strength of interaction decreases in concentrationtierval x 2 (0:8; 1:2i
and forx > 1:2 there are no vibrons. Such a hypothesis is corroborated byran-
elastic neutron scattering experiment on selected compaismfrom studied series

(see section 4.2.4).

Magnetization measurement

In the paramagnetic region, the temperature dependenciet magnetization fol-
low the Curie-Weiss law in all the series. The obtained e este magnetic moment,

e , IS very close to the C& free ion value of 2.54 g, in the whole series. The
negative paramagnetic Curie temperature,p, indicates antiferromagnetic ground
state in these compounds. Parameters obtained by the t arei\gen 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 antfrromagnetic ordering.
The Neel temperatures, Ty, determined as maxima oM (T) curves, are summa-
rized in Table 4.7. We observe decrease ©f with increasing Ga content, see
Figure 4.32.

The magnetic eld dependence of magnetization in Figure 433reveals the
metamagnetic phase transition around 1.2 T for all CeRBad\l, ,Ga, compounds.
The Arrot plot, shown in Figure 4.34, shows the behavior exptsd for antiferro-
magnetic materials. However, one can observe a clear trendlicating probably
stronger ferromagnetic correlations with increasing Ga ntent.

Speci ¢ heat

The speci ¢ heat of intermetallic compound can be generalljescribed as a sum of
contributions: C, = Cg + Cyn + Cag. The usual approach to estimate contribu-
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Figure 4.33: The magnetic eld dependence of magnetizatidor CePd,Al, Gay
compounds. The curves fox = 0, 0.4, 1.2 and 2 are showed only, for better
lucidity.
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Figure 4.34: Arrot plots of selected CePdAl, Ga, compounds. The remaining
compounds follow the same trend (not shown for better lucityi).

tions of Ce + Cyn by measurement of non-magnetic analogue (to obtain magneti
part of speci c heat for studied magnetic material) is quiteproblematic in the
case of CePgX, compounds. Both studied CePgX, and LaPd, X, analogues un-
dergo the structural phase transition from tetragonal to ahorhombic structure
[111]. Moreover, the superconducting transition was obsed in all La counter-
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parts [65]. All these transitions are accompanied by relatly large anomalies,
what leads to quite rough estimation ofCy,,4 even in higher temperature region.
Nevertheless, the value of specic heat of La analogues at tparatures lower
than 6 K is almost negligible compared to Ce counterparts, favhich reason we
can estimateCp,g With only a minor error.

s F T T T T T T T T T L—
CePd Al

(J.mol'K™)

mag

C

Figure 4.35: The magnetic part of specic heaCyag vs. T in low-temperature
region of CePdX, compounds. The development with applied magnetic eld is
demonstrated as well.

The temperature dependencies of speci ¢ heat of CefAl, and CePdGa, are
presented in Figure 4.35. Here, we observe a clear anomalyidading transition
to a magnetically ordered state. The idealization of the sjgec heat jump at the
phase transition temperature under the constraint of entfqoy conservation yields
the Ty values 2.7(2) K and 2.2(2) K for CePgAl, and CePdGa,, respectively,
in good agreement with magnetization measurements (see Tald.7). The e ect
of external magnetic eld on speci c heat is presented in Figre 4.35. The spe-
ci ¢ heat data of both parent compounds point clearly to the atiferromagnetic
ground state as there is no shift of entropy to higher tempetares in applied eld
upto 1 T. In magnetic eld of 3 T, the shift of the entropy to higher temperatures
is observed, which could illustrate the eld induced trangion to ferromagnetic
state. Such a behavior is in good agreement with magnetizati measurement.
One can observe quite di erent anomalies at ordering tempature for CePdAl,
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and CePdGa,. The latter compound exhibits less intense and broader anaihy

than the former one. Such a dierence for isoelectronic coropnds might be
ascribed to di erent structure parameters in low-temperatre region. Another
explanation could be a competing Kondo interaction, whichds more signi cant
impact on CePdGa,. The low-temperature gamma coe cient of CePdAl, is

presumably lower than 0.1 J.mol*K 2, the value in CePgGa, cannot be reason-
ably estimated from data above 0.4 K. The measurement to terepatures lower
than 0.4 K is needed to nd proper value in both cases.

The magnetic entropy,Smag, Was evaluated from measured speci ¢ heat data
and is displayed in Figure 4.36. The magnetic entropy at therdering tempera-
ture, Sy, = 4.1 and 4.2 J mol 'K ! for CePd,Al, and CePdGay, respectively,
is signi cantly lower than R.In2 expected for a doublet grond state of the Cé&*
ion. A certain ambiguity of extrapolating the low-temperatre part of specic
heat could be estimated to an error up to 10%. The value of R2ns reached just
around 6 - 7 K. The reduction of the magnetic entropy afly could be ascribed
to a competing Kondo e ect causing an exhaustion of a part ohe magnetic en-
tropy above the ordering temperature. One can speculate afhatively about the
short range correlations abov@y. The rough estimation of Kondo temperature
could be done using equation 4.2 leading i = 3.8 K and 3.0 K for CePd,Al,
and CePdGa,, respectively. Tx decreases with increasing Ga content, i.e. with
increasing volume of the unit cell (see Table 4.7).
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Figure 4.36: The magnetic entropy in CePgAl, and CePdGa,. The value of
R.In2 is drawn as dashed line. The arrows mark the temperatudé transition to
antiferromagnetic state determined from electrical redigity measurements.

The phase transitions from tetragonal to orthorhombic strature around 13.5 K
and 127 K in CePdAl, and CePdGa,, respectively, are well illustrated on specif-
ic heat data, see Figure 4.37. The transition temperatureseawell in agreement
with our recent electrical resistivity measurements (se@lfowing subsection) as
well as with the powder X-ray di raction experiment. The specc heat data of La
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Figure 4.37: The temperature development of speci ¢ heat @aund the structural
phase transition in CePdX, compounds. The arrows mark the structural phase
transition temperatures obtained by electrical resistity measurements, see Table
4.7.
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Figure 4.38: The specic heat of LaPgX, compounds. The arrows mark the
structural phase transition temperatures obtained by el@gcal resistivity mea-
surements, see Table 4.7.

counterparts are shown in Figure 4.38. Here, one can obserat the structural
phase transition is bounded with well pronounced anomaly aspeci ¢ heat data
in the case of LaPdGa,, whereas LaPdAl, reveals almost no sign of structural
transition. The transition from tetragonal to orthorhombic Il structure reveals
itself in pronounced anomalies on electrical resistivityral speci ¢c heat data. On
the other hand, the transition to orthorhombic | structure is connected with only
a weak anomaly on polycrystalline sample (compare with silegcrystal speci c
heat data in Figures 4.29 and 4.30). The Schottky speci ¢ heaalculated for the
whole CePd(Al,Ga), series is presented and discussed in section 4.2.4.
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Electrical resistivity

The electrical resistivity data on CePdAl, ,Ga, and LaPd,Al, Ga, compounds
are presented in Figures 4.39 and 4.40. The structural tratisn from tetragonal
to orthorhombic structure is traced as a clear anomaly for lRd,Ga, and several
Ga rich CePdAl, Ga, (x  1:2) compounds. In the remaining compounds,
the transition is much less pronounced, nevertheless, it tdbe revealed when
inspecting the rst derivative of R(T). The data for CePd,Al, and LaPd,Al, are
shown as an example in insets of Figures 4.39 and 4.40. Althbufe anomalies
are relatively weak, they well correspond to the temperates of the structural
transition as known from low-temperature X-ray diraction sudy [111]. One
can tentatively conclude that the well pronounced anomalyniR(T) corresponds
to transition from tetragonal to orthorhombic Il structure, whereas transition
between tetragonal and orthorhombic | structure does not &l to any signi cant

e ect on resistivity curves.

10 T 1 T T T T T T T

| CePd,Al  .Ga,,

CePd, Al ,Ga,,

R/R 4,

R/R 40

0.3 TT co CePd,Al, 7]
!

t
1% derivative

CePd Al Ga,,
0 10 20 30 40 50 60 70 80 90
1 l 1 l 1 l 1 l 1 l 1

0 50 100 150 200 250 300
T (K)

Figure 4.39: The temperature dependence of electrical i&siity. The anomaly
corresponding to structural phase transition is clearly gible forx = 1.2, 1.6
and 2. The inset contains the rst derivative ofR(T) for CePd,Al,. The arrow
indicates temperature of structural phase transition.

The anomaly corresponding to the antiferromagnetic phaseamnsition is ob-
served in Figures 4.41 and 4.42. The application of magneteld has no signi -
cant impact on Ty. The values of Neel temperature obtained from rst derivatve
are listed in Table 4.7 and well correspond to the values oliteed from magneti-
zation and speci c heat measurements. The magnetic eld iruences the electri-
cal resistivity in similar way in all measured compounds. Rmounced anomaly
corresponding to the Kondo interaction or uctuations assoated with the an-
tiferromagnetic ordering, as speculated in Ref. [109], id®erved 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 LaPdAl, yGa, compounds. The inset
contains the rst derivative of R(T) of LaPd,Al,. See also Table 4.7. The arrow
indicates temperature of structural phase transition.
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Figure 4.41: The electrical resistivity of CePgAl, in static magnetic eld. The

anomaly at low temperature region corresponds to the antii@magnetic phase
transition, the anomaly at 13.5 K then corresponds to the strctural phase tran-
sition.

The magnetoresistivity (MR) measurements reveal quite sitar behavior in
the whole series (see e.g. Cef@a, in Figure 4.43). Negative MR is observed

in the paramagnetic region. In the ordered state belowWy, the behavior is more
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Figure 4.42: The electrical resistivity of CePgAlq.,Gay.¢ in static magnetic eld.
The anomaly at low temperature region corresponds to the aférromagnetic
phase transition.
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Figure 4.43; The magnetoresistance (MR Srot) measurement at several

temperatures below and above magnetic phase transition ire€d,Ga,.

complex: the resistivity rst starts to increase with appled eldupto1-3T
and then decreases with further eld increase. Such a behavicould suggest the
presence of a strong magnetic correlations between#oments, what leads to the
induced ferromagnetic order as was found in YbNiAI[85], for instance. Another
explanation could be a suppression of the Kondo scatteringtivincreasing eld.
Figure 4.44 was obtained by following the single-ion Kondoadel with Bethe-
ansatz studies [87]. The x-axis is rescaled zﬁs?— In the CePd,Al, ,Ga, series,
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Figure 4.44: The magnetoresistance (MR W) in dependence of-of
at several temperatures below and above magnetic phase ts@on in CePdAl 5,

CePdAl1.6Gag.4 and CePdGa, compounds. See text for more details.

T slightly increases from parent compound ta = 0.4 and then slowly decreases
with increasingx (see Table 4.7). The ferromagnetic correlations (i.e. thewest
T values) are then expected in parent CeRB&Ga,, whereT = (0.0 0.4) K.
These ferromagnetic correlations in Ga rich compounds are agreement with
magnetization measurements.
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4.2.3 Magnetic structures of CePd Al , and CePd ,Ga,

The magnetic structures in CePdAl, and CePdGa, were studied by means of
powder neutron di raction employing D1B di ractometer at | LL, Grenoble. Mea-
sured di raction patterns are presented in Figures 4.45 and.46. A comparison
of di raction patterns taken in paramagnetic and ordered site (at temperatures
5 K and 1.5 K, respectively) reveals several (about ten) clepeaks of magnetic
origin for each compound. We note, that the most intensive ngaetic peak in
di raction patterns of CePd,Ga, corresponds to the only one magnetic re ection
found by our former neutron diraction experiment using E6 dractometer at
HZB, Berlin. [113] We remind the reader, that the low-temperare crystal struc-
ture of CePd,Ga; is orthorhombic of Cmma-type (see Figure 4.27 for illustrain)
[111]. The structure parameters determined af = 5 K are listed in Table 4.8.

Table 4.8: The lattice parameters and atomic positions of ®el,Al, Ga, com-
pounds as determined from neutron di raction data measuredt 5 K.

CePd,Al, CePd,Ga,
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)
zoa  0.371(1)  0.384(1)
ZpI(Ga) 0120(1) 0133(1)

Compared to previous E6 study [113], the measurement usindlB di rac-
tometer led to the observation of clear magnetic peaks allovg an unambigu-
ous determination of magnetic propagation vectors, as wels complete magnetic
structures in both studied compounds. The observed magneteaks in CePdAl,
are described by an incommensurate propagation vect®r= (0.06, 0.54, 0), while
two commensurate magnetic propagation vectorg; = (1, 3, 0) andk; = (0, 3, 0)

- together with -K; (K, 6 -K;) - are necessary to describe the magnetic structure of
CePd,Ga,. The positions of magnetic re ections are marked in Figure4.45 and
4.46, respectively. Here, we should compare the foukg= (0O, % 0) propagation
vector describing the strongest magnetic re ection in CeRgba, with the vectors
suggested by our former measurement (only one magnetic pestiserved) [113].
Propagation vectork; in orthorhombic structure corresponds well to%, % 0) vec-
tor in triclinic description as suggested by our former stugl[113]. Both di raction
studies are thus fully consistent.

The determined magnetic propagation vectors and known strture param-
eters allow to calculate the possible magnetic structuresy lperforming a thor-
ough representation analysis employing the programs Basprs [11] and MaxMagn
[117]. The analysis revealed that the maximal magnetic sutmyps of Cmma
(space group 67) described by propagation vectd® are only two: monoclin-
ic P2 (3) and triclinic Ps1 (2). The magnetic moments in former subgroup
are arranged within the basal plane for Ce on monoclinic crgdlographic sites
(O, %; Zce), Whereas moments on sites ((%,; Zce) point along the orthorhombic
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Figure 4.45: The powder neutron di raction patterns of CePdAl, taken at 1.5 K

and 5 K using D1B di ractometer at ILL, Grenoble. Panel (b) stows zoomed low-
angle region. The full orange line represents the t done usy Fullprof program

[11]. Vertical bars under plot mark the positions of nucleafgreen) and magnetic
(R = (0.06, 0.54, 0), dark red) Bragg re ections. The symbol # ldels the peak
of foreign phase, which is not of magnetic origin.

c-axis. The triclinic subgroup allows any direction of maggtic moments in space.

The investigation of maximal magnetic subgroups of Cmma datbed by K;
leads to 8 space groups with orthorhombic symmetry,mmn (59), Pc.bcm (57),
P,cca(54), Pcmna (53), P,mna (53), P,mma (51), P,ban (50) and P,ccm (49).
These subgroups can be divided into 4 classes according teithmagnetic mo-
ments arrangement. The subgroup®,mmn (59) and P,mma (51) dictate two
di erent Ce atomic sites (0, %; Zce) and (O, g; Zce) With magnetic moments along
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Figure 4.46: The powder neutron di raction patterns of CePgGa, taken at 1.5 K
and 5 K using D1B di ractometer at ILL, Grenoble. Panel (b) stows zoomed low-
angle region. The full orange line represents the t done usy Fullprof program
[11]. Vertical bars under plot mark the positions of nucleafgreen) and magnetic
Bragg re ections (dark red forky = (3, 3, 0) and pink for K, = (0, 3, 0)). The
symbol # labels the peak of foreign phase, which is not of magtic origin. All
pronounced re ections are labelled; symbot' corresponds to the peak bounded
with magnetic re ections (3 1 1) and (13 2); symbol ** ' stays for the magnetic
re ection (3 2 1).

the a-axis and with zero moments, respectively. The two sanaomic sites are
found also in subgroup$.bcm(57) and P,mna (53), but the magnetic moments
point along the c-axis and along the b-axis, respectively. Hird class consists
from subgroupsP,cca (54) and P,ban (50) with magnetic moments arranged in
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the bc-plane. The subgroup®:.mna (53) and P,ccm (49) then allow the magnetic
moments aligned along the a-axis.

We utilized the calculated magnetic structures in the tting process of mea-
sured diraction patterns leading to a determination of magetic structures in
both CePd,Al, (for the t, we used maximal magnetic subgroups obtained for
kK> = (0, %, 0)) and CePdGay, although the number of observed magnetic peaks
leaves a certain freedom in the absolute magnetic momentsaedition.

The magnetic moments in CePgAl, are described by a propagation vector
K = (0.06, 0.54, 0) and form an incommensurate amplitude modated magnet-
ic structure. The maximum magnetic moment size approaches0%(4) g/Ce3*,
still slightly lower value than the magnetic moment of C& free ion. The magnet-
ic moments are aligned along one direction which is close tgrmrhombic a-axis.
The agreement factorR,, = 19.0% for pure a-axis direction of magnetic mo-
ments (maximal magnetic subgroup$.mna (53) and P,ccm (49)) is improved
(Rm = 13.9%) considering 4 and 24 tilt towards b- and c-axis, respectively.
Such a tilt out of [100] is not forbidden by symmetry as the maggtic structure
of CePdAl, is described byk = (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 @ePd,Ga,
are aligned along one direction and order antiferromagneély within planes
stacked along c-axis. The moments direction is close to thetlmrhombic a-
axis for both components, similarly as in CePgAl,. Pure a-axis direction of
magnetic moments leads to the agreement factoRs,; = 16.3% andR,» = 7.4%
for components of magnetic moment described & and K3, respectively. The
best agreement was obtained for magnetic moments directidf and 14 away
from the a-axis to the b- and c-axis directions, respectiwel(Rn; = 13.0% and
Rm2 = 6.5%). Such a magnetic structure supposses the identicalrection of
magnetic moments for both components. Allowing a slightly dérent moment
direction for each of the two magnetic moment components lga to a negligible
improvement of the t.

The value of magnetic moment for component described by pragation vector
Ky is 0.8 g/Ce®". The maximum value of magnetic moment for second compo-
nent (K, propagation vector) is then 1.5 g/Ce3*. While the rst component is
fully determined (K;  -Ki), the magnetic phase of second component remains
ambiguous K, 2 1BZ). Here, we need to mention a signi cant limitation of neu-
tron scattering for determination of magnetic structures.In the case of multik
magnetic structure, it is not possible to determine the maggtic moments con g-
uration unambiguously, unless a strong magneto-elasticugaing is present. The
phase between the di erent Fourier components of magneticaments 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 imptamtly, restrictions
on the amplitude of the magnetic moments can reduce the numbef solutions.
[118] The magnetic structure of CePg5a, described by two commensurate prop-
agation vectors thus cannot be determined unambiguously. h€ maximal value
of total magnetic moment on Ce atom, which is the sum of the twoomponents,
is restricted by magnetic moment value of G& free ion (2.14 ). Such a lim-
itation plays an important role in a choice of the magnetic pase of the second
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component of magnetic moment, as the magnetic moments of treomponent
have a constant value of 0.8 g/Ce3*.

We took into account such a restriction and calculated the tal magnetic
moment on Ce sites rst for the most intuitive phase shifts. Atotal magnetic
moment reaches the value of 2.315/Ce®" for magnetic phase shifts § 9¢° and
18, which is in a con ict with the maximal moment value on Ce atom The shift
of 43 leads to a smaller value of 1.87z/Ce3* allowing us to de ne the phase
interval from 30° to 60° (and equivalently from 120 to 150°), where the maximal
total magnetic moment reaches the value lower than 2.14/Ce3". On the basis
of powder neutron di raction data cannot be determined the nique solution.
Nevertheless, a very tempting option seems to be the phasefsbf 45°, as such
an arrangement leads to only two values - 1.87 and 0.26/Ce>* - between which
the total magnetic moment oscillates coming from one Ce ctgdlographic site to
neighboring one.

Let us brie y discuss the magnetic structures and their proggation vectors
in other CeT,X, compounds, although the magnetic structure is known only ia
handful of them, and although most of these compounds cry#dliae in tetragonal
ThCr,Si-type structure (space group I14/mmm, 139), see Figure 4.2The mag-
netic structure in CePd,X, with X = Si [119], Ge [120, 121] consists of magnetic
moments arranged along [110] tetragonal direction and is stzibed by propaga-
tion vector (%, % 0). The samek describes the magnetic structure in CeRiSh,
but the magnetic moments direct along the c-axis and moreavehere is a second
component of magnetic moment with £, £, 1) propagation vector [122]. Both
components point along [001] leading to a stacking of AFM plas with total
magnetic moment on Ce oscillating between the sum and di emee values of
these two components [122], similarly to the recent case oéRd,Ga,. The fer-
romagnetic planes stacked antiferromagnetically along ¢hc-axis with magnetic
moments aligned also along the c-axis are found in Cef&i, [122]. CeRuGe,
[123] and CeAgSi, [122] exhibit magnetic moments parallel to the tetragonal
a-axis described byk = (k, 6 0, 0, 0). CeCwGe, with K = (0.28, 0.28, 0.54)
and a spiral magnetic structure concludes our short list [Bl. The magnetic
structures in CePgdAl, and CePdGa, could be compared to the previous ones
only after transformation from orthorhombic to tetragonaldescription (see Fig-
ure 4.27 for illustration), i.e. Ky = (3, 3,0)! ( 0, 3, O)eraoa and second
propagation vectork, = (0, 3, 0)! ( %, 31, O)eraona and crystallographic
direction [10QF'therhombic 111 Q]etragonal - By comparison of recently determined
magnetic structures to other C&,X,, we can conclude, that all Pd-based com-
pounds X = Al, Ga, Si [119] and Ge [120, 121]) reveal the magnetic struge
described byk™®"ana = (k, 6 0;k, ky;0) and with magnetic moments aligned
along [110F"a° or very close to this direction. Nevertheless, the magnetic
structure of CePd:Ga, is described by two propagation vectors and the propaga-
tion vector of CePdAl, is incommensurate. The systematics in the propagation
of magnetic moments in these compounds is not obvious so falevertheless,
the lattice parameters (i.e. the Ce-Ce interatomic distares) would play an im-
portant role in the magnetic structure formation. The c=aratio seems to be
a certain driving parameter asc=d®"a9°na < 2:35 for CePgX, [119, 120, 121],
while c=de"gona > 2:35 for other Cd,X, compounds with dierent type of
propagation and/or arrangement of magnetic moments.
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4.2.4 Vibron states in (Ce,La)Pd  ,(Al,Ga) »
Vibron state in CePd Al »

To study magnetic excitations in CePdAl,, inelastic neutron scattering exper-
iments on IN6 (low-energy region) and IN4 (high energy regiorgpectrometers
were performed. These experiments revealed three clear metic excitations

in the energy spectrum of CePgAl, at 1.4 (3.7), 7.8 and 16 meV for tetrago-
nal (orthorhombic) structure of CePdAl, (Figure 4.47). The magnetic origin of
observed peaks is proven by comparison to LapAl, data and by their tempera-

ture evolution. The data presented in Figures 4.47b and 4.d7%vere obtained by
subtracting La analogue data from CePgAl, via relation:

Su(Q;!) = SCPRAZ(Q; 1) s LEPIA(Q; 1), (4.3)

where = 0.689 is the ratio of total-scattering cross sections faRPd,Al, with

R = Ce and La, i.e. purely magnetic excitations are shown. Thelectronic
origin of the peak at around 1.4 meV energy transfer at 20 K ini§ure 4.47c
is then veried by a comparison to measured 10 K spectrum in §ure 4.47a
(where is no peak at low-energy region) as well as by an obsdion of the

same excitation in the vicinity of an elastic peak on IN4 dataKigure 4.47d).
A strong in uence of structural phase transition from tetrgonal (P4/nmm, 129)
to orthorhombic (Cmma, 67) structure, see Figure 4.27 forlistration, on energy
schema of CePgAl, is also demonstrated. The rst CF excitation at 1.4 meV
is observed in spectra measured at 20 K, where CefAdl, adopts tetragonal
structure (T$EP92A412 = 13 K), while for T = 10 K spectrum the rst peak appears
at 3.7 meV. The other two excitations at around 7.8 and 16 meV aralmost
untouched by the structural transition. The measurement atl2 K (not shown),
i.e. in the vicinity of T$SR92A12 demonstrates the intermediate stage of rst CF
excitation development, as the CF peak is observed at arour3d4 meV.

The energy excitations observed directly by INS measuremenare clearly
re ected in the speci ¢ heat data. The magnetic part of speat heat in the para-
magnetic region well above the magnetic phase transitionrtgerature is generally
described by Schottky formula (see equation 2.7) and the &tal eld splitting
of the multiplet ground state. According to the Kramer's thesem the ground
state multiplet of the Ce** ions (J = g) splits into maximum three doublets (into
doublet and quartet in the case of cubic CF symmetry as discsed e.g. for CeAl
[37, 1]) leading to the maximum two inelastic transitions fom the ground state
to rst and second excited state. The measured magnetic coiitution to specic
heat is compared with the Schottky contribution calculatedusing the energies of
CF levels as obtained by INS for compound adopting tetragon&l' > 13 K) and
orthorhombic (T < 13 K) structure, see Figure 4.48a. The calculation clearly
fails to describe the experimental data when only three doildsdegenerated lev-
els with energies 0, 7.8 and 16 meV or 0, 1.4 (3.7) and 7.8 me\é daken into
account, even considering somewhat enhanced error of theedmined magnetic
speci ¢ heat. The calculation with CF levels at energies 0,4 and 16 meV leads
to a very good agreement with the measured data, see also gat¥.2.1. Far best
agreement is then obtained assuming another energy level7a8 meV, see Figure
4.48a. The degeneracy of individual levels might be a mattef debate. A very
good agreement is obtained taking double degeneracy of gndustate level and
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Figure 4.47: The inelastic neutron scattering data measwt®n CePgAl,. Panels
a) and b) contain the measurements at 10 K (i.e. in orthorhonib structure),

panels c) and d) then at 20 K (i.e. in tetragonal structure). kgures in panels b)
and d) represent the magnetic scattering in CeRd\l, estimated by subtracting
the data of non-magnetic LaPdAl,. IN6 and IN4 spectrometers and incident
neutrons wavelengths 5.1 and 1.& were used for measurements, respectively.

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

Figure 4.49 contains the low- and high-momentum transfer taiin both ana-
logues CePgdAl, and LaPd,Al,. The magnetic excitations in Ce counterpart can
be clearly distinguished from phonon contributions to thegectrum. The peaks
of phonon origin at around 5, 9, 12 and 16.5 meV in hig@-region (Figure 4.49b)
are similar for both analogues considering the di erencen scattering function.
Both compounds adopt the orthorhombic crystal structure aff = 10 K. [3, 111]
The energy spectrum of CePgAl, adopting tetragonal structure di ers negligibly
at E > 5 meV. The lowQ cuts then demonstrate a relatively strong magnetic
scattering in CePdAl,. In summary, the comparison of low- and higl® cuts in
Figure 4.49 leads to several important observations:

The excitations at 3.7, 7.8 and 16 meV in CeRd\l, are all of magnetic origin, as
demonstrated also by plots in Figure 4.47 and Schottky speciheat calculations
in Figure 4.48.

The phonon peaks at around 5, 9 and 16.5 meV, present in both dogues,
are found at energies very close to those of CF excitations.i observed peaks in
low-Q spectrum of CePdAl, contain both magnetic and phonon contributions.

The phonon peak at 12 meV takes place in between other two CF aion-
phonon peaks at 7.8 and 16 meV energy transfer. This phononndéy of states
peak was previously observed at around 11 meV by Chapon et 8] showing a
good consistency of both studies. We note pure phonon natuoé this peak, no
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Figure 4.48: The temperature development of speci ¢ heat i@ePd,Al, Gay,
nonmagnetic analogues LaPd\l, ,Ga,, their di erence and Schottky contribu-
tion to specic heat calculated from energies determined biNS experiments.
Schottky contributions were calculated based on double degerated levels with
energies listed in Table 4.9; Schottky contribution for Ce#,Al, was calculated
taking into account all three magnetic excitations and bothsets of CF levels
(for orthorhombic and tetragonal structure). The structural phase transitions in
CePdAl, Ga, and LaPd,Ga, are clearly pronounced in the speci ¢ heat data.
The structural phase transition from orthorhombic to tetragonal structure has
great impact on energy scheme of CeRAl,; the Schottky contribution for each
point symmetry was calculated (full and dashed lines, respigvely). The anoma-
ly on LaPd,Ga, data makes it di cult to estimate the magnetic contribution to
speci ¢ heat of Ce analogue, therefore, we used a smooth @Xacurve displayed
in the panel d) for the subtraction of electron and phonon cdnbutions from the
total speci ¢ heat of CePd.Ga,. For illustration, the error bar at 40 K in panel
a) corresponds to 2% error of the speci ¢ heat measurement.

magnetic contribution is present as seen from comparison @€ and La counter-
parts spectra (Figure 4.49).
The inset of Figure 4.49 shows the temperature evolution of4lmeV peak in
CePd,Al, adopting tetragonal structure. The intensity decreases i increasing
temperature as expected for peak related to the CF excitatio The empty CF
excitation level at low-T is populated with increasing temperature leading to
decrease of number of excitations due to inelastic interashs with neutrons.
The observation of an additional non-purely-phononic peak energy spec-
trum of CePd,Al, tends to a comparison with other Ce-based compounds re-
vealing similar phenomenon. The energy spectrum of cubic &lg contains two
inelastic lines in paramagnetic regime, while only singlénk is expected for cu-
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Figure 4.49: The energy transfer dependence of scatteringittion in CePd,Al,

and LaPd,Al, at low (a) and high (b) momentum transferQ. The orthorhombic
(10 K) and tetragonal (20 K) data for CePgAl, are shown; LaPdAl, 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 CefAl, by IN6

spectrometer.

bic symmetry of crystal eld [37]. CeCuAk crystallizing in tetragonal structure

(tetragonal symmetry of crystal eld) reveals three inelasc lines in energy spec-
trum [4], similarly to CePd,Al,. CeCuAl; and CePgdAl, represent the only two
compounds with non-cubic symmetry of crystal eld revealig an additional in-

elastic non-purely-phononic peak in an energy spectrum, f&r. The comparison
of physical properties of these two compounds leads to sealecommon charac-
teristics:
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The tetragonal crystal structures of CaBegGe,-type for CePdAl, [3, 111, 112]
and BaNiSns-type for CeCuAl; [74] belong to the maximum subgroups of tetrag-
onal space group l14/mmm (space group 139), see Figure 4.27 iltustration.
Cerium atoms occupy equivalent sites in both structures. Meover, the vol-
ume of elementary unit cell is almost the same for both compiods (192.5 and
194.0A3, respectively) [113, 74].

A competition between a long-range RKKY interaction and Kodo screening
takes place in both compounds leading to a low ordering temagure and to the
exhaustion of a part of the magnetic entropy above the ordery temperature.
The estimated Kondo temperature is close to 4 K in both compaods [64, 114].

Both compounds order antiferromagnetically below 2.7 K realing the incom-
mensurate amplitude modulated magnetic structures, seectens 4.2.3 and 4.1.4.

The INS spectra contain additional CF exciton-phonon peak. Althree CF-
like excitations reveal itself as the peaks of an intensityf @imilar mutual ratio
in both compounds and at not signi cantly di erent energies(in CeCuAl; these
excitations take place at 1.3, 9.8 and 20.5 meV [4]). A pure phon peak in
between two higher energy CF-like peaks is present in spexctsf both compounds
(in CeCuAl; at around 13.5 meV [4]).

The comparison of physical properties of CeBAal, and CeCuAk suggests a sim-

ilar mechanism behind the presence of an additional peak imergy spectra of
both compounds.

Table 4.9: The parameters and eigen-values of crystal eld IHaltonian describing
the CF excitations in CePgAl, ,Ga, compounds adopting the orthorhombic
structure. Only two crystal eld excitations are taken into account in CePgAl,.
See text and Figure 4.50 for more details.

X 0.0 0.8 1.2 2.0

T (K) 10 10 10 10

L (meV) 3.7(1) 8.0(2) 7.5(2) 7.2(2)
,(meV) 16.2(2)  11.5(4)  11.5(4)  12.1(2)
B (meV) 0.597(6) 0.350(7) 0.382(5)  0.332(5)
B2 (meV) 0.491(4) 0.100(6) 0.253(4)  0.472(4)
B9 (meV) 0.0133(2) -0.0090(4) -0.0086(4) -0.0088(3)
B2 (meV) -0.0020(3) 0.114(1) 0.110(1)  0.111(1)
B4 (meV) 0.207(3) 0.040(4) 0.060(3)  0.055(3)

The observed three crystal eld-phonon excitations in CePd\l, cannot be de-
scribed on the basis of pure CF model considering the tetraga (orthorhombic)
point symmetry of crystal eld, see equations 1.7 and 1.8. Th t of measured
data considering only two CF excitations at energies 1.4 anth meV leads to
following tetragonal CF parameters:BS = 0.99(2) meV, B = 0.016(2) meV and
jB4j = 0.02(1) meV. The t of the orthorhombic peaks at 3.7 and 16.2 raV leads
to CF parameters listed in Table 4.9, the tis shown in Figure4.50. However, the
peak at around 7.8 meV cannot be taken into account. To explapresent results,
we followed the procedure already used by Chapon et al. [3]daAdroja et al. [4]
in the case of CeCuAl. CF exciton-phonon interaction based Thalmeier-Fulde
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Figure 4.50: The lowQ cuts of energy spectra measured on CefAl, ,Gay

compounds crystallizing in orthorhombic structure. The pesented magnet-
ic parts of inelastic neutron scattering data were obtainedy subtraction the

LaPd,(AL,Ga), data from Ce counterpart (equation 4.3). The full lines rep-

sent the t to equation 1.8 revealing CF parameters listed ifable 4.9. The peak
at around 7.8 meV in CePdAl, is not taken into account. The scale of both
x- and y-axis is the same for all compounds allowing direct servation of INS
spectra development with Al-Ga substitution.

model developed for cubic CeAl[1] and generalized for tetragonal point group
symmetry (equation 3.2) was used for the t of measured INS dat
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In analogy with the data analysis of previously investigatttetragonal CeCuAk
[4], we estimated the CF parameters taking into account ontyvo CF excitations:
the low-energy one at 1.4 meV and a high-energy hypotheticahe close to the
high phonon density of states near 12 meV. Here, we took into acmt the calcu-
lation of Schottky speci ¢ heat, where the best agreement beeen the data and
calculations was obtained for levels at 7.8 and 16 meV with ¢hsingle degener-
acy. We xed the CF parameters (in meV:BS = 0.7, B = 0.019, jBJj = 0.02)
and phonon energyh! o = 12 meV and started to vary the magneto-elastic pa-
rameter g, in small steps of 0.05 meV in the intervah0:05; 2.000 meV. When
0o 2 (0:55;0:8), the peak at around 12 meV was splitted into two peaks withhte
second peak shifted to higher energy. The low-energy peak4(ineV) was shifted
to higher energy only slightly. We varied in turns the phonorenergyh! o as well
as the CF parameters to gradually improve the agreement bedn INS data and
calculated curve. The nal t of the data is presented in Figue 4.51 and re ned
parameters are:B9 = 0.85(2) meV, B? = 0.023(2) meV, jBJj = 0.02(1) meV,
h! o = 9.5(5) meV and g, = 0.35(3) meV. The value ofjBjj was determined with
a quite high uncertainty as the excitation energies dependat less signi cantly
than on other two parameters. Here, we should mention the presce of the peak
at -1.4 meV in Figure 4.51b. This peak is the consequence oktprinciple of
detailed balance and clearly documents that the excitatioannihilation 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 extation energies
7.8 and 12 meV supposing that the hypothetical excitation a2 meV was splitted
into excitations at 1.4 and 16 meV under the in uence of phontw. We note, that
such a scenario is not in agreement with the speci c heat awais, where the
best conformity of data and Schottky speci ¢ heat calculabn was obtained for
double degenerated level at 1.4 meV and singlets at 7.8 and t@V. Indeed,
we were not able to reproduce the data in calculated spectrurthe starting CF
parameters (in meV:B9 = 0.3, B{ = 0.03, jB3j = 0.03) and h! ; = 12 meV were
xed, while the parameter g, was varied by 0.05 meV like in the previous case.
Around gy = 0.45 meV, the peak at around 12 meV started to split into two
peaks, whereas the lower energy peak was shifted to lower rggewithout any
sign of splitting. Both processes the shift and splitting agtinued with increasing
0o leading to relatively good description of peaks at 1.4 and I6eV. However,
the peak at 7.8 meV was not tted at all, instead the peak at 12 mV remained
almost untouched by variation ofgy. In conclusion, the tting process proved the
former scenario, which is also in agreement with speci ¢ hieanalysis, i.e. the
CF exciton-phonon interaction leads to the splitting of hypthetical energy level
at 12 meV into two levels at around 7.8 and 16 meV.

We investigated also the energy spectrum of orthorhombic €d,Al,. The di-
rect analysis was not possible as we used the model based anThalmeier-Fulde
model generalized for the tetragonal symmetry of crystal ld (not orthorhombic
symmetry). We tried to t the energy spectrum of orthorhombic compound with
tetragonal CF parameters. First, we tted only the peaks at 37 and 16 meV
obtaining the values: B = 0.8 meV, B = 0.028 meV andjBjj = 0.03 meV.
Afterwards, we undertake the whole tting process starting Jth energy levels
at 3.7 and 12 meV. The re ned parameters describing the measar data (see
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Figure 4.51) were in meV:BY = 0.77(2), B? = 0.029(2), jB7j = 0.01(1) meV,

h! o = 9.0(5) and go = 0.3(3). We are fully aware, that we tted actually the

orthorhombic structure INS data with tetragonal CF parametes, nevertheless,
such a t could serve as the rst estimation of magneto-elagt parameterg in

the compound. The generalization of Thalmeier-Fulde mod®& describe also the
orthorhombic symmetry of crystal eld is essential for the orrect treatment of

the data.

Crystal eld excitations in CePd »,Ga, and Al-Ga substitutions

To follow the evolution of the crystal eld excitations (anda possible presence of
an additional magnetic excitation) in the CePd(Al,Ga), system, inelastic neu-
tron scattering experiments on IN6 and IN4 spectrometers weperformed also for
several compounds with di erent Ga content. The measuremenin paramagnet-
ic state on IN6 instrument did not reveal any excitation in thelow-energy region
for any of Al-Ga substituted compounds. The measurements veedone at sev-
eral temperatures for both tetragonal and orthorhombic crstal structures. The
inelastic spectra measured employing IN4 spectrometer athdemperature (or-
thorhombic) structure exhibit two broad peaks in the energynterval 5 - 15 meV
for all Al-Ga substitutions, see Figure 4.50. CePsba, reveals two clear CF
peaks around 7.2 and 12.1 meV, while the Al-Ga substituted cormpnds exhibit
at least two peaks very close in energy. The vicinity of CF p&a at around 8 and
11.5 meV in CePdAl;.,Gayg resembles the case of Ce@Be,, [115] where only
one quasi-quartet in excitation spectrum was speculated abt [115]. Neverthe-
less, later study [116] showed two doublets close in enerdy.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 CefAd;.,Gag.g. In con-
trast with CePd,Al,, where the three CF-like peaks are well separated (see Figur
4.51), the vicinity of peaks in substituted compounds do ncallow to properly
investigate a prospective presence of an additional exditan.

Here, we should mention the di erences in the inelastic newn scattering
spectra for CePd(Al,Ga), compounds adopting orthorhombic and tetragonal
structure. The change in energy scheme is not clearly demtmased, except
CePdAl,, as shown above. There are two factors complicating the irstega-
tion of energy scheme in CePdAl,Ga), adopting tetragonal structure: (i) the
broadness and mutual vicinity of peaks in energy spectra an@) the struc-
tural transition temperatures for compounds with higher Gacontent are quite
high [113], i.e. the low-lying energy levels are fully popated at temperatures
at which the compounds adopt the tetragonal structure. A resonable t of
tetragonal CF parameters can be done only for CeRAl,.,Gay.g leading to val-
ues: BY = 0.240(5) meV, B? = 0.030(1) meV andjBjj = 0.029(2) meV, while
the excitation energies are 7.8 and 10.9 meV (not much di ene from energies
for orthorhombic structure). The CF parameters of all compoends adopting the
orthorhombic structure are listed in Table 4.9 and correspaling ts are shown
as full lines in Figure 4.50. The CF parameters in CeBdAl, di er signi cantly
from those of Al-Ga substituted compounds; only a negligibldi erence is then
observed within CePd(Al,Ga), (see Table 4.9) as anticipated from not too much
di erent energy spectra in Figure 4.50.

The measurement of specic heat documents the energy scheinestud-
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Figure 4.51: The lowQ cuts of CePgAl, energy spectra measured using IN6
and IN4 spectrometers. The LaPgAl, data were subtracted from Ce analogue
IN4 data, i.e. only magnetic contributions to the spectra argresented. The
energy spectra of CePgAl, adopting (a) orthorhombic (10 K) and (b) tetragonal
(20 K) structures are presented. The full lines represent & ts to relation 3.2
as discussed in text.

ied substituted compounds as determined by INS. The magnetgpeci ¢ heat
is compared to Schottky contribution calculated using (ottorhombic) energies
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listed in Table 4.9. The agreement between the data and calations is quite
remarkable for all the compounds, see Figure 4.48. As the dation energies in
CePd,Al, «,Ga, with x  0:8 are almost the same regardless the crystal struc-
ture, the agreement is very good also at higher temperature§he presence of
an additional energy levels in compounds witlkx = 0.8 and 1.2 cannot be ex-
cluded as a further improvement of the agreement between @a&nd calculations
can be achieved assuming certain broadening of excited lsveNevertheless, a
presence of an additional magnetic excitation at energieswer than 6 meV is
clearly excluded. The structural and magnetic phase trartgns reveal them selfs
as anomalies in the speci c heat at temperatures well corpgsnding to the ones
determined by ours magnetization and electrical resistityi studies [113, 111].

| T T T | T T T | T T T | T
£ 140 F .
0 CePd,Al, Ga,
O 120 ~ .
%) 100 X = OO
=0.8 | 1
g X
» 80
S
E 60
S 40
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Figure 4.52: The momentum transfer cuts of low-energy partfcspectra in
CePd,Al, ,Ga, measured using IN6 spectrometer at temperatures Ty. The
shift of low-energy excitation (the splitting of doublet gound state) with the Ga
content to lower energies.

The hypothesis about the in uence of CF exciton-phonon int&ction on crys-
tal structure in studied compounds seems to be accurate. Ga&fAl, with transi-
tion temperature T5SR02A2 << T LaPd2Al2 rayegls the presence of an additional
magneto-phononic peak in both tetragonal and orthorhombistructures. The
structural transition in uences the energy scheme of the ecopound signi cantly,
namely the rst excitation is shifted in the energy. CePdGa, on the other side
of investigated series does not exhibit any sign of an additial peak in energy
spectrum, while undergoing the structural transition atT$ehd2632 > T LaPdzGaz
CePd,Al1.,Gag.g and CePdAlg.sGas., then exhibit energy spectra revealing prop-
erties on the border between those two cases, nevertheleassembling more pure
Ga compound (which is documented also by speci ¢ heat measuarent).

We also investigated the energy spectra of studied compountbelow Neel

temperature Ty leading to an observation of the splitting of doublet groundtate
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as presented in Figure 4.52. The low-energy peak is clearligisle at around
0.5 meV in CePdAl, and around 0.3 meV in CePgAl;.,Gayg. For compounds
with higher Ga content, the splitting shifts to lower excitdion energies which
might be related to the change of electronic properties andagnetic structure
with Al-Ga substitution in CePd,(Al,Ga), series. Indeed, the bulk studies show
rather di erent magnetic behavior [113] and nally our dir action experiments
revealed quite di erent magnetic structures in parent compunds.
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Conclusions

We investigated the crystal structures and electronic pragrties, including mag-
netic structures and crystal eld and magnetic excitations in CeCuAl; and
CePd,Al, compounds and in substituted systems: Ce(Cu,A)) Ce(Cu,Au)Al;
(not part of the thesis), CeCu(Al,Ga)y (not part of the thesis), CePd(Al,Ga),
and their La analogues. The compounds were studied by mearisrmagnetization,
speci ¢ heat, electrical resistivity, electrical resistrity under hydrostatic pressure
and by X-ray, electron and mainly by neutron scattering techigues.

CeCuAl; was conrmed to crystallize in the ordered non-centrosymntec
BaNiSns-type of tetragonal structure and undergo the isostructurdgphase transi-
tion at around 300°C. CeCuAl; orders antiferromagnetically belowfy = 2:7(1) K
without any further phase transition down to 0.4 K. The ampliude modulated
magnetic structure in CeCuA} is described by propagation vectdok = (0.4, 0.6, 0).
The magnetic moments are arranged within the basal plane alg the [110] crys-
tallographic direction with a maximum value of 0.28 g/Ce3". The magnetic
structure of CeCuAk was put into the context of other C& X3 compounds and
the overall mechanism of the magnetic structure formation & proposed. The
inelastic neutron scattering con rmed the presence of lo@nergy crystal eld ex-
citation at around 1.5 meV. The investigation of higher-engy part of spectrum
is highly desirable and will be performed in near future.

The crystal eld excitations (and possible presence of vibn states) were
investigated in Ce(Cu,Al), compounds. The re ned CF parameters and eigenen-
ergies do not di er signi cantly among the substituted communds revealing no
magnetic excitation at low-energy part of spectra, in strogp contrast with par-
ent CeCuAl;. CeCuw.Al3z; reveals the macroscopic and microscopic properties
close to the ones of parent compound, while CegAl .05 and CeCu.1Al .o di er
signi cantly.

CePd,Al, crystallizes in the tetragonal CaBgeGe,-type structure and under-
goes the structural phase transition to orthorhombic strucire at 13 K. The anti-
ferromagnetic ground state belowly = 2.7 K with the easy magnetization plane
perpendicular to the c-axis was observed. The magnetic stture of CePgAl,
is described by an incommensurate propagation vect&r= (0.06, 0.54, 0). The
magnetic moments on Ce atoms are arranged antiferromagregtily within the
basal plane and point along the direction close to the orthbombic [100] (or
equivalently close to tetragonal basal plane diagonal). Ehmaximum value of
magnetic moment reaches 2.05g/Ce®*. CePdAl, reveals three magnetic ex-
citations, while only the two crystal eld excitations in energy spectrum are
expected for cerium-based compound. The presence of aduitl magnetic peak
is described within Thalmeier-Fulde CF exciton-phonon maal generalized for
non-cubic point symmetry. The additional peak is observediboth 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 stuctural transition.

The vibron state in the rest of the CePd(Al,Ga), series is not observed, nev-
ertheless, it cannot be excluded conclusively for Cefl,Gags. The crystal
eld parameters were determined for all studied compoundssavell 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 compauds seems to be accu-
rate. CePdAl, with TSSR92A2 << T LaPd2Al2 rayeg|s the presence of an additional
magneto-phononic peak in both tetragonal and orthorhombistructures. The
structural transition in uences the energy scheme of the eopound signi cant-
ly, the rst excitation is shifted in the energy. CePdGa, on the other side of
investigated series does not exhibit any sign of an additiahpeak in inelastic
spectrum, while undergoing the structural transition atTSeh926%2 >> T LakdaGaz
CePdAl.,Gagg and CePdAlqygGas-» then exhibit properties on the border be-
tween those two cases, nevertheless, the energy spectremgsde more pure Ga
compound.

CePd,Ga, reveals the magnetic structure composed from two component
First of them is described by the propagation vectok; = (%, % 0), while the
second one propagates wittt, = (0, % 0). The magnetic moments (of both
components) are aligned along the identical direction cledo the orthorhombic
[100] (or equivalently to tetragonal basal plane diagonaBnd the total magnetic
moment varies depending on the mutual phase of moments commgats on each
Ce site.

In conclusion, we investigated the physical properties ofdCuAl; and CePgAl,
compounds in detail including their behaviour under hydrdatic and chemical
pressure. We plan to continue with further studies on theseompounds; a great
importance will be dedicated to the inelastic neutron sca¢ring studies on single
crystals - the experiment already planned and partly done o€eCuAl;. Also
the investigation of Ce(Cu,Au)Al; and CeCu(Al,Ga) series by inelastic neutron
scattering techniques is desirable and we intend to contiauwith 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 apiciously leading to the
vibron quasi-bound state and investigate them employing #hinelastic neutron
scattering experiments.
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