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Abstract

Rare earth — transition metal intermetallic compounds form a highly important class of
materials, which gained a major interest in the research field due to their practical applications
in industry and their remarkable importance in our daily life. In this work we succeeded to point
out some physical properties of CeixYxFez, Gdi1xCexCoz2, GdCozxAx (A=Ni, Cu, Al and Mn)
Laves phase type intermetallic compounds, additionally to the existing researches on this class
of compounds. The dopant concentration was chosen in order to adjust the magnetic transition
temperature as close as possible to room temperature. In order to get a deep understanding of
the physical properties of the transition metal, different analysis have been combined: magnetic
measurements, X-ray Diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and band
structure calculations. A full evaluation of magnetocaloric properties was carried out in order
to check the possibility to use the investigated systems in magnetic refrigeration field. The
calculated relative cooling power, RCP(S), normalized relative cooling power at the applied
magnetic field, RCP(AS)/AB, and temperature-averaged entropy change, TEC parameters show
that these compounds could be promising candidates for applications in magnetic refrigeration

devices.

Keywords: Laves phases, electronic structure, intermediate valence, magnetic

properties, magnetocaloric effect, band structure calculations



Introduction

In recent decades, magnetic materials could be labelled as a fundamental item on which modern
technology relies on. Magnetic materials are components of a great number of electromechanical and
electronic devices. As an example, in recent years, in most cases, the classical electromagnetic core in
motors has been replaced by strong permanent magnets. The significant progress made in the fields such
as information technology, telecommunications or advancements in household technology is attributed
in large amounts to the development of advanced magnetic materials. A large number of magnetic
materials are used as components in magnetic refrigerators, replacing conventional vapor-gas cycles
with magnetic refrigeration cycles.

The purpose of this thesis is to improve the list of magnetic material which can be use as
magnetic refrigerators and moreover to bring additional information about the structural, electronic and
magnetic properties of the presented materials, that can be used for the future research. The thesis itself
is structured on six chapters.

The first chapter is containing some theoretical considerations regarding rare earth — transition
metal intermetallic compounds and a short description of magnetocaloric effect in intermetallic
compounds.

The second chapter is presenting the experimental techniques used in order to obtain the
magnetic materials, to perform structural characterization and to investigate the electronic structure,
magnetic properties and magnetocaloric effect.

The third chapter is providing further information on the magnetic and electronic properties in
CeixYixFez (x=0.1, 0.15, 0.2, 0.25), as well asa full evaluation of magnetocaloric effect around romm
temperature.

Chapter four contains detailed analyses of magnetic properties and magnetocaloric effect for
Gd;xCexCo2 (x=0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.75, 0.8 and 0.9) intermetallic compounds.

Chapter five present a detailed correlated study of structural, electronic, and magnetic properties
of GdCoxxAx Laves phase intermetallic compounds (A = Ni, Mn, Cu and Al). In view of potential
applications in magnetic refrigeration, a full evaluation of magnetocaloric properties was accomplished
for the compounds with substitutional A = Ni, Cu and Al.

Finally, the general conclusions of the thesis are presented..

Chapter 1
Rare earth — 3d Transition metal intermetallic compounds

Rare earth — transition metal intermetallic compounds form a highly important class of
materials, which gained a major interest in the research field due to their practical applications in
industry and their remarkable importance in our daily life. The number of these compounds is huge,
taking into consideration that one rare earth element and one 3d element can form more than ten different
intermetallic compounds, with different structural arrangement and physical properties.

The crystallographic structure and chemical composition of R-M intermetallic compounds
establish some of the intrinsic magnetic properties of them like saturation magnetization, Curie
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temperature and magnetocrystalline anisotropy. The microstructure of R-M intermetallic compounds
determines their extrinsic magnetic properties like coercivity and remanent magnetization. Altogether,
the magnetic properties induce the R-M intermetallic compounds applications. Several members from
this class of compounds have been classified as hard intermetallics, characterized by large hysteresis
used as starting materials for permanent magnets of exceptional quality. Semi-hard intermetallics are
used for high-density magnetic recording and soft ones having a small hysteresis loop are used in
electromagnetic machines [1]. Moreover, it has been discovered that couple compounds have
outstanding properties with respect to reversible absorption of hydrogen gas at room temperature and
nearly atmospheric pressures. Absorbed densities of about twice the density of liquid hydrogen have
been reached.

The magnetic refrigeration technology which is based on magnetocaloric effect of the magnetic
compounds has been considered as one of the most encouraging possible methods to our present well
used gas compression/expansion technology being an environment friendly alternative with high energy
efficiency. Therefore, the magnetocaloric effect of a large class of R-M intermetallic compounds have
been intensively studied around their Curie temperature [2-4].

Chapter 2
Experimental and characterization techniques

2.1. Sample preparation

Formation of the intermetallic compounds is conditioned by the meltig points and by the direct union
of the constituent elements which require a temperature between 200 °C and 3000 °C [5]. The different
properties of the combining elements and their different range of solid solubility is an often difficulty
encountered in preparing certain intermetallic compunds within single phase region. Because of the high
reactivity of most metals at raised temperature, the preparation of an intermetallic compound is best
regarded as a multicomponent reaction that is likely to involve container materials and atmosphere in
contact with the elements.

2.1.1. Arc melting technique

A widly used technigue in research laboratories for the preparation of intermetallics which easly
can attain temperature up to 3000°C is arc melting method. The arc melting furnace from Babes Bolyai
Univesity, loan Ursu Insitute is connected to a DC power source which provides 80V and currents with
intensities of up to 100A. The cathode is a tungsten electrode connected to the power source and the
anode is the water-cooled cooper furnace heart. The arc is produced by a stream of electrons emitted
from the cathode and drawn through plasma of ionized gas to the anode, where high purity starting
elements are placed in some small delves. The hearth is isolated from the outside by a heat-resistant
glass with rubber seals at both ends. During melting, the whole system is constantly cooled by water
circuit and is using argon atmosphere at reduced pressure (20 to 40 cm Hg). To ensure a pure argon
atmosphere the chamber is cleaned several times by washing with argon gas. The first step before the
melting of constituents begins is to examine the atmosphere by melting a titanium ball located inside
the furnace.



2.1.2. Induction melting technique

Another well-known laboratory technigque was used in order to prepare intermetallic compounds
presented in this work, namely induction melting. The heating of the furnace is produced and controlled
by applying a high frequency electromagnetic field. The starting elements are placed in a water-cooled
cooper crucible consisting of independent elements, thus the magnetic field lines won’t be close and the
energy dissipation inside the furnace is reduced. The resultant electric force generated by the coils is
opposite to the gravitation therefore the molten is levitating in the middle of the furnace, therefore the
rotate of the sample after each melting, for obtaining homogeneous sample, become easier. The entire
set up is connected to a gas and vacuum inlet permitting a melting process under high purity argon
atmosphere.

2.2. Structural characterization

The structural characterization of the compounds was performed using X-ray powder diffraction
method. In our case a Bruker AXS D8 Advance powder diffractometer with Cu Ko radiation was used
for the data acquisition at room temperature. The entire set up is connected to a computer, that through
the software, enables the user to acquire and analyze data. Rietveld refinement can be employed for the
qualitative analysis of the XRD patterns [6].

2.3. X-Ray Photeoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is one of the most widely used methods for exploring
the electronic structure of atoms, molecules and condensed matter [7, 8]. The energy of the incoming
X-ray radiation is v > 1000 eV and Exi, explored by XPS techniques is for the photoelectrons emitted
from inner levels of a solid or from the outermost occupied band.

The XPS investigations were performed at the Osnabriick University using a commercially
available spectrometer PHI Model 5600 Multi-Technique System produced by the Perkin Elmer
Corporation. In order to avoid surface contamination, the bulk samples were crushed in situ in the
preparation chamber in high-vacuum conditions (usually around 7x10 ®torr), before being transferred
to the main chamber where the measurements were performed. The Al X-ray anode was used for all
measurements with monochromatic radiation. The characteristic energy and half—widths for the Al Ka
radiation are: 1486.6 eV and 0.3 eV. The photoemitted electrons were filtered according to their energy
using an 11 inches hemispherical condenser. A multi-channel detector with 16 channel plates was used
for the detection of the photoelectrons. All components of the main chamber are kept under UHV during
the measurements by using a combination of suitable vacuum pumps: turbomolecular, sputter and
sublimation pumps. In order to avoid surface contamination over the experiments, a base pressure of
about 10 °torr was kept in the main chamber during the recording of the XPS spectra presented in this
work.

2.4. Magnetic measurements

The most commonly used type of magnetometer is the Vibrating Sample Magnetometer (VSM).
VSM is recording the magnetic moment of the investigated materials as a function of magnetic field (up
to 12T) and temperature (1.4 K — 650 K). The running principle is based on Faraday’s law which states
that an electromagnetic field will be generated in a coil when there is a change in flux linking the coil.
The sample to be studied is placed in the constant magnetic field, supplied by the electromagnet, which
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will magnetize the sample. Therefore, the magnetization of the sample increases with the strength of the
constant magnetic field. The sample is attached to the end of a nonmagnetic rod, the other end of which
is fixed to a mechanical vibrator. The sample rod can be rotated in order to get the wanted orientation
of the sample to the constant magnetic field. The oscillating magnetic field of the moving sample induces
an alternating electromagnetic field in the detection coils, whose magnitude is proportional to the
magnetic moment of the sample. The small alternating electromagnetic field is amplified, usually with
a lock-in amplifier which is sensitive only to signals at the vibration frequency [9]. The detection-coil
arrangement involves balanced pairs of coils that cancel signals due to variation in the applied field. The
apparatus is calibrated with a specimen of known magnetic moment, which must be of the same size
and shape as the sample to be measured, and should also be of similar permeability [9].

2.5. Band structure calculations

The local density approximation (LDA) was first proposed by Kohn and Sham in 1965 and since
then is the highly employed approximation to the exchange-correlation energy. The basic principle
behind LDA assume that a general inhomogeneous system is locally homogeneous in order to use the
exchange-correlation hole corresponding to the homogeneous electron gas, which is known to an
exquisite accuracy [10].

Rare-earth metal compounds are distinguished by well localized d and f orbitals [10]. This
localization goes to strong on-site correlations, such that if an electron is occupying a state localized in
a particular site, placing a second electron in the same site is penalized with an additional energy, orbitals
[10]. This idea was originally crystallized at the level of an empirical Hamiltonian by Hubbard [11]. The
Hubbard phenomenological approach has been combined with density-functional calculations by
supplementing the LDA with a Hubbard-type onsite repulsion term (LDA+U) [12]. This model produces
a splitting into lower and upper Hubbard sub-bands, where the eigenvalues are given by [10]:

g = —BESLZHU =é€patU (% + fz)

The energy separation is given by the U parameter. The determination of the Hubbard U
parameter can be done empirically, by fitting it to experimental data, or by estimating it from LDA
calculations from the total energies obtained by varying the occupancy of localized d or f orbitals [10].
Within the LDA+U approach, the Hubbard term is treated at the mean-field level [10].

The KKR method is a multiple-scattering method introduced by Korringa (1947) and Kohn and
Rostoker (1954). The starting point of the method is the partitioning of the system into spheres and
interstitial regions [10]. The spherical regions are usually called muffin-tin spheres, their radius being
the muffin-tin radius, Sz [10]. The potential is assumed to be spherically symmetric inside the muffin-
tin spheres (close to the core) and flat (constant) in the interstitial regions.

By using the computational methods mentioned above, we can determine total energy values,
magnetic moments per atom, densities of states (DOS), equilibrium lattice parameters and various
information on the band structure for a given compound.



Chapter 3
Structural, magnetic properties and magnetocaloric effect in Ce1.xYxFe2 compounds

The Laves phase alloys RFe;, RCo, and RNi; exist for the whole rare-earth series. CeFe; is a
particularly interesting because of its anomalously low ferromagnetic ordering temperature (~230 K)
and low saturation magnetization at 4.2 K (~2.3 pg/f.u) compared to other isostructural compounds [13-
15], due to the strong hybridization of the Ce 4f states with the Fe 3d valence states [16,17]. It was
shown in previous studies that at low temperatures CeFe, is located near the instability of
ferromagnetism, antiferromagnetic spin correlation occurring at low temperatures [18-21].

Many studies were performed on CeFe; doped with rare — earth, as Gd, Tb, Er, Ho, showing
that the Ce and Fe magnetic moments are coupling antiferromagnetically and the Curie temperature is
increasing with dopant concentration [22-25]. Due to the variation of the 4f -occupation number, to the
nature of the 4f state and the degree of Fe 3d — Ce 4f coupling a change of the Ce valence was revealed
in most of the Ce1.«RxFe, explored systems. Consequently, Ce valence is not depending on the atomic
size of the dopant element and it fluctuates with concentration of rare earth element. In the investigated
systems where the rare earth element is Tb or Dy, a meta-magnetic phase transition can be distinguished,
at moderate Ce concentration, revealing the fragility of Ce 4f ferromagnetism [24]. The Ce valence
fluctuation from the mixed-valence state to the localized state increases the moments of both the Ce and
the Fe ions, and enhances the degree of Fe—Fe coupling, leading to the increase of the Curie temperature
[25].

There are some reports on the magnetocaloric properties of Cei;xRxFe2 compounds [26-28]
showing that with the appropriate dopant concentration the magnetocaloric effect can be settled around
room temperature, with large magnetic entropy changes of about 17 Jkg*K™ at 303 K for Ceo.sDyo1Fe,
[27].

Previously reported results of the magnetic measurements on CeixYxFe; revealed a roughly
linear dependence of the Curie temperature with concentration from 237 K for CeFe; to 532 K for YFe;
[29] and a gradually change of Ce valency, without achieving the pure Ce** state, while the Fe-moment
is assumed to be independent of Y substitution [30]. Present research provides further information on
the magnetic properties and magnetic moments in Ce1xYxFe2 with x = 0.1, 0.15, 0.2, 0.25.

3.1. Crystalographic analysis of CeixYxFe; intemetallic compounds

The investigated Cei1YxFe, samples with x = 0.1, 0.15, 0.2, 0.25 were prepared in the purified
argon atmosphere using arc-melting technique and annealed in vacuum at 800 °C for 5 days and slowly
cooled to room temperature. The phase purity of Cei<YxFe, compounds was checked using powder X-
ray diffraction measurements at room temperature. The registered patterns together with the calculated
profiles, using Rietveld refinements run by FULLPROF program [31] are shown in Figure 3.1. XRD
patterns emphasize that the prepared CeiYxFez samples are single phase and possess a cubic Laves
type structure (C15) with the Fd 3m space group, specific to CeFe, phase, where the Ce/Y atoms occupy
8a sites and Fe atoms ocupy 16d sites. Rietveld method on the recorded XRD patterns was used in order
to calculate the lattice parameters. The obtained lattice parameters for CeiYxFe; samples show an
almost linear increase with the yttrium content, as plotted in Figure 3.2.
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Figure 3.1. XRD patterns of Ce1.xYxFe2 samples, Figure 3.2. The concentration dependence of
together with the calculated profiles using Rietveld lattice parameter for Ce;<YxFe, compounds
method and difference curves [32]. [32].

3.2. Band structure calculations

The ground state self-consistent electronic structure calculations of Ce;.xYxFe. compounds with
Fd 3m space group and two formula units per unit cell have been carried out by using the tight-binding
linear muffin-tin orbital (TB-LMTQO) method in the atomic sphere approximation (ASA) [33,34]. All
calculations have been performed in the scalar-relativistic limit, i.e. without spin-orbit coupling. Vosko-
Wilk-Nusair parameterization has been employed for the exchange-correlation energy [35] within the
local spin density approximation (LSDA). The valence basis consists of s-, p-, d- and f- type orbitals.
The atomic sphere radii used in calculations have been chosen in such a way that overlapping remains
within the permissible ASA limit. The tetrahedron method was employed in order to calculate the partial
densities of states [36]. The self-consistent calculations were performed for 549 k-points in the
irreducible wedge of the Brillouin zone (IBZ) corresponding to 9216 k-points in the full Brillouin zone
(BZ). Total energies were calculated within an accuracy of 102 meV. The ground state was obtained by
minimizing the total energy with respect to the unit cell volume.

Based on the experimentally determined lattice parameters the band structures of CeiYxFe2
compounds were calculated (Figure 3.3). The effect of Y substitution for Ce is the decrease of the state
densities near the Fermi level for both spin orientations, as expected considering the gradual increase of
lattice parameter and Ce 4f -Fe 3d hybridization. The computed iron moments for Ce1cY xFe2 compounds
show an increase to about 1.78 pe/atom for x = 0.5 and remain above 1.7 pg/atom with the increase of
Y content, close to the values found in most RFe; compounds [37]. The calculated magnetic moments
for the Ce and Y atoms on the 8a sites are negative, indicating an antiferromagnetic coupling to the Fe
magnetic moments on the 16d sites, and show a very small dependence with the Y concentration (Figure
3.4). The values obtained for the magnetic moment at the Y site are around -0.4 pg/atom for all
concentrations, consistent with the results reported for Y-Fe compounds [38].
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3.3. Magnetic properties and magnetocaloric effect of Ce1xYxFez intemetallic compounds

In order to establish the effect of Y substitution, the temperature dependencies of magnetisation
in Zero Field Cooled (ZFC) - Field Cooled (FC) modes were register under a small magnetic field of
0.05 T, Figure 3.5. The magnetization is increasing with the dopand concentration with an almost
linearly trend in the magnetically ordered area and has a sudden transition to the paramagnetic state at
Curie temperature. In order to determine the transition temperatures from the magnetic ordered state to
the paramagnetic state, the first derivative of magnetization function of temperature was calculated for

all samples. The transition temperatures are equal with the minimum value of SM/3T (Figure 3.6).
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An almost liniar increase of the obtained Curie temperatures was observed as the concentration
of Y is increasing, from 247 K for x = 0.1 to 330 K for x = 0.25. The substitution of Ce by Y modifies
the hybridization between Ce 4f and Fe 3d states which increases the Fe-Fe direct exchange interaction,
permiting the increase of T, above room temperature.

The samples were subjected to a high magnetic field, up to 12 T, in order to register the
magnetization isotherms in a wide temperature range, 4K — 350 K. At T = 4K CeixYxFe; compounds
have the same behaviors, saturation being already reached in an applied magnetic field of 1 T, Figure
3.7. It can be notice an increasing trend for saturation magnetization with the increasing of ytrium
concentration, which is a characteristic of ferrimagnetically ordered materials .

The spontaneous magnetization, Ms, for all investigated samples was determined from the
measured magnetization isotherms using the approach to saturation law. Figure 3.8. shows the
temperature dependence of the calculated Ms values for all investigated samples.
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The calculated value of the spontaneous magnetization at 0 K is increasing with the decrease of
Ce content from 2.71 pe/f.u for x = 0.1 to 3.08 ps/f.u for x = 0.25, indicating an antiferromagnetic
coupling between Ce and Fe magnetic moments in the investigated samples. Assuming that for low Y
concentration, the magnetic moments for the Ce ions remains roughly the same and has the value of
0.75 pe/atom, while the magnetic moment for the Y ions is about 0.4 pg/atom, the magnetic moments
at the Fe sites were calculated taking into account that the magnetic moments of Fe and Ce/Y are
antiparalelly orientated. The obtained values show an increase from 1.71 pg/f.u for x = 0.1 to about 1.87
pe/Fe atom for x = 0.25, as the hybridization between the Ce 4f and Fe 3d states decreases with the Y
substitution.

Using the magnetization isotherms measured between 200 K and 380 K with a step of 5 K, the
magnetic entropy change was calculated in an external magnetic field of 2 T and 4 T (Figure 3.9). The
magnetic entropy change |ASw| curves display a maximum at a temperature very close to the transition
ones. The increase of dopand concentration is causing the decrease of |ASy| values, while the |ASy| peaks
become broader, a very necessary characteristic for a good refrigerant material. The curves are nearly
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symmetric distributed around the transition temperature, characteristic for materials displaying a second
order magnetic phase transition [39].
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Figure 3.9. The temperature dependence of the magnetic entropy change for CeicYxFe;
compounds in an external magnetic field of 2 T (open symbols) and 4 T (filled symbols) [32].

The relative cooling power (RCP) was calculated for all CeixYxFe; compounds in order to
evaluate the magnetic refrigeration efficiency. Due to the broad |ASm| peaks the samples have
considerable RCP(S) values, as presented in Table 3.1, suggesting that the materials could be used for
the magnetic refrigeration applications. Specific normalized cooling power parameter to the variation
of magnetic field, RCP(AS)/AB, was calculated and the values were listed in Table 3.1 for all samples.
RCP(AS)/AB values for the same composition show no significant change when the applied magnetic
field is varied. Therefore, the investigated compounds are suitable for technological applications

Table 3.1. Magnetocaloric properties of Ce1.xYxFe2 compounds

X | Tmax A4S STrwhm RCP(S) RCP(S)/AB
(K) (J/kgK) (K) (J/kg) (J/kgT)

02T 04T 02T 04T 02T 04T 02T 04T
01| 247 160 2.55 39 53 62.4 135.1 31.2 338
015| 278  1.33 2.17 50 66 66.5 143.2 333 358
02 | 294 130 2.12 66 82 85.8 173.8 429 435
025| 330 107 1.78 61 78 65.3 138.8 327 347

Chapter 4

Electronic structure, magnetic properties and magnetocaloric effect in
Gd1xCexCo2 intermetallic compounds

The present chapter provides additional informations to previous studies [40-42] on
pseudobinary GdCo, compounds and contains detailed analyses of magnetic properties and
magnetocaloric effect for Gdi.«CexCo; intermetallic compounds.
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4.1. Crystalographic analysis of GdixCexCo, intemetallic compounds

The investigated compounds of Gd;xCexCo, with x =0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.75,
0.8 and 0.9 were obtained using arc-melting technique. To compensate the rare earth losses during
melting a small excess was added 2 % for Gd and 1% for Ce. The obtained samples were subjected to a
heat treatment in quartz tube in vacuum, at 850 °C for 7 days and slowly cooled to room temperature.

The structure purity of the compounds was checked by X-ray diffraction measurements on
grinded samples, at room temperature (Figure 4.1). All samples are single phase, with the cubic MgCu2

- Laves type structure, like for GdCo2 and CeCo,,

Intensity (arb.units)

Intensity (arb.units)

0 ‘O‘eo )
20(°)

Figure 4.1. XRD patterns of the Gdi«CexCo, samples (empty symbols) together with the
calculated profile using Rietveld method and difference curves (solid lines)

The refined lattice constant decreases as
the Ce content increases, as expected, considering
the lattice parameters of GdCo2 (7.247 A) and
CeCo2 (7.162 A) [43, 44]. The distances between
the Co atoms in all investigated compounds are
between 2.53 A and 2.56 A (Figure 4.2), close to
those in pure Co metal, namely 2.50-2.51 A [45].
The unit cell volume calculated using the lattice
parameters obtained from Rietveld analysis show
an almost linear decrease with the Ce content, as
plotted in Figure 4.2.
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Figure 4.2. The unit cell volume
dependence with Ce concentration for
Gdi1xCexCo, samples.
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4.2. Electronic structure of Gd;«CexCo, intemetallic compounds

Photoemission from Ce 3d and 4d states give information on the valence state of the Ce atoms.
In Figure 4.3 is represented Ce 3d core-level spectra of the investigated Gd;xCexCo, compounds with
x=0.4, 0.6, 0.75 and 0.9 which consist of two multiplets corresponding to the spin-orbit split 3ds;; and
3ds/2 core holes. The spin—orbit splitting is about 18.4 eV, for all investigated samples.

Figure 4.3. Ce 3d core level XPS
spectra in Gd;xCexCo2 (open circles
correspond to the experimental
spectrum and the continuous curves
to the fitting results, after
background subtraction) [46].

920 915 910 905 900 895 890 885 880 875 920 915 910 905 900 895 890 885 880 B8BTS

Binding Energy (eV) Binding Energy (eV)

The multiplet effects due to the coupling of the 3d hole with the open 4f shell are visible in both
the 3ds;, and 3ds peaks, each spin-orbit component being the superposition of spin-orbit-split peaks
corresponding to the two initial configurations Ce* and Ce*". The line shape analysis shows that the Ce
3d XPS consist of six peaks corresponding to the pairs of spin-orbit doublets assigned based on the f°,
f1, and f 2 configurations [47- 49]. Around 914.7+0.1 eV is the highest binding energy peak which is the
result of the 3d°4f° final state, giving proof of the intermediate valence behavior of Ce in the Gd;xCexCo
system. The most intense components originating from Ce®" are labelled as f !, while the lowest energy
components marked as f 2 appear due to the strong Coulomb interaction between the 3d hole and the
electrons located near the Fermi level. These 3d°4f final-state components originate from the screening
of the core hole by the 4f electrons, possible due to the hybridization of the Ce 4f shell with the
conduction band states. The weights of the f°, f*, and f ? configurations are about 7+1 %, 59+1 %, and
34+1% in all Gd;xCexCo2 investigated samples, close to the values reported for CeCo, and CeCos [49,
50].

The XPS spectra of the Ce 4d core levels in GdixCexCo, compounds, shown in Figure 4.4,
reflect the mixed valence state of Ce. The Ce 4d spectra point out multiplets appearing from the
interaction of the 4d hole with the 4f electrons in the region between 105 and 116 eV binding energy. In
the lower binding energy region, between 100 and 110 eV, the peaks corresponding to trivalent Ce are
superimposed on the Co 3s peaks, while the peaks at higher binding energies, situated at about 119 eV
and 122.5 eV, correspond to the fraction of tetravalent Ce in the compound. The spin-orbit splittings for
Ce* are around 3.4+0.1 eV in all investigated samples, in good agreement with the values measured in
other mixed valence compounds, such as CeNi, CeNis, CeF4, Ce2C015Mn3, CeCozMns and CeCosMny
[50 - 53].
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Figure 4.4. XPS spectra of the Ce 4d and Figure 4.5. XPS spectrum of the Ce 4d
Co 3s core levels in Gd1..CexCo> [46]. and Co 3s core levels in Gdo4CeosC02

after background subtraction [46].

The exchange interaction Jq; between the core hole spin s and the 3d electron spin S gives rise
to a satellite on the high binding energy side of the main line of the Co 3s spectrum [8]. The exchange
splitting is proportional with the Co local moment, hence the splitting between the peaks corresponding
to the high spin final state and the low spin final state provides valuable information on the spin moment
[54, 55]. The XPS spectra for Gd;-xCexCo, compounds in the 95 eV to 130 eV binding energy region
were fitted after background subtraction with several components, the first two corresponding to the Co
3s peaks and the peaks at higher binding energy accounting for the Ce 4d multiplet peaks, as presented
in Figure 4.5 for Gdo.4CeosCo2. For all investigated samples an exchange splitting of about 4 eV was
found between the high spin final state and the low spin final state of the Co 3s core level, which is
direct evidence of the local magnetic moments on Co sites. This value is slightly lower than 4.5 eV,
found in the pure Co metal [55].

The Co 2p XPS spectra for the investigated Gdi.xCexCo, compounds are shown in Figure 4.6.
The binding energy of the Co 2p1/2 and 2ps2 core levels in all investigated samples is around 778.2 eV
and 793.2 eV, respectively. No significant shift is observed, indicating that the charge transfer can be
neglected in this system.

The XPS valence band spectra of Gd:xCexCo2 compounds shown in Figure 4.7 are mainly the
result of the Co3d, Ce5d and Ce4f states superposition below 4 eV. For all samples the valence band is
dominated by the Co 3d states, centered at about 1.5 eV, a value close to that observed in pure Co metal
(see the inset in Figure 4.8). The contribution from the Ce atoms, although small, can be observed for
the samples with higher Ce content. Close to the Fermi level the intensity of the valence band XPS
spectra increases with the Ce content due to the Ce 4f* final state contribution, while the feature located
at about 2 eV is assigned to the 4f° final state configuration [56]. For Ce mixed valence compounds have
shown that the 4f state are not far below the Fermi level and both the Ce 5d and 4f states hybridize with
the Co 3d states [50,51,56]. It therefore expected that the valence band of Gdi-«CexCo, compounds is
influenced by the same 3d-5d and 3d-4f hybridizations. The spectral feature situated at around 8 eV is
the contribution of the Gd 4f core level and decreases in intensity with increasing Ce concentration.
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Figure 4.7. XPS valence band spectra of

Gd1.«CexCo2 compounds [46] Gd1.«CexCo2 compounds

4.3. Magnetic properties and magnetocaloric effect of Gdi.xCexCo. intemetallic compounds

The measured Zero Field Cooled (ZFC) — Field Cooled (FC) mode under a small applied
magnetic field of 0.05 T show a bifurcation different behavior at low temperature for the investigated
samples, Figure 4.8. The bifurcation temperature is increasing with Ce content, which could be related
to the magnitude of magnetocrystalline anisotropies as a function of composition.
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Figure 4.8. ZFCFC for Gd1.xCexCo, for x= 0.2, 0.4

The first magnetization derivatives of temperature were calculated in order to obtain the Curie
temperature for all compounds, listed in Table 4.1. It can be observed that for the samples with a small
Ce content (x = 0.1, 0.15,0.2, 0.25 and 0.3) the Curie temperature remains almost unchanged, around
360 K, due to the strong and dominate 3d-3d interaction. Increasing Ce content (x = 0.4, 0.5, 0.6, 0.75,
0.8), the distance Co — Co atoms increase, so a slight decrease in Curie temperature occurs, from 349 K
to 275 K. Furthermore, if the cerium content is increased, for x = 0.9, the Curie temperature drops
suddenly at 87 K. The substitution of Gd for Ce modifies the contributions associated with hybridization
of 5d orbitals of Gd and 3d orbitals of Co, which leads to a reduction in Tc. From the magnetization
isotherms recorded at 4.5 K in the applied magnetic fields up to 12 T result a similar behavior for Gd;.
«CexCo, compounds, saturation being already reached in an applied magnetic field of 1 T, Figure 4.9.
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The magnitude of the saturation magnetization decrease with the increase of Ce content, from a value
about 4.12 pg/f.u for x = 0.2 to 1.03 pe/f.u for x = 0.8. This tendency is typical for ferrimagnetic order,
the magnetic coupling between Gd moment and Co moment is antiparallelly oriented.
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Figure 4.9. Magnetization isotherms for
Gd1xCesCo, at T = 4.5K, measured in an
applied magnetic fieldupto 12 T
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Figure 4.10. The temperature dependence of
the saturation magnetization for Gdi-
«CexCoz compounds

The spontaneous magnetization, Ms, for all investigated samples was determined from the
measured magnetization isotherms using the approach to saturation law. The value of the spontaneous
magnetization at 0 K is decreasing with the increase of Ce content from 4.56 pg/f.u for x = 0.1 to 1.03
pe/f.u for x = 0.8, as presented in Table 4.1, confirming the ferrimagnetically order in the investigated
compounds. In order to estimate the magnetic moment for cobalt atoms in our specimens, a value of -
0.75 ps/atom for Ce magnetic moment [32] and a value of 7.2 pg/atom [57] for Gd magnetic moment
were considered. It can be observed that the obtained values for Co magnetic moment is dependent of
cerium concentration, having a decreasing trend as the cerium concentration is increasing.

Table 4.1. The values of the Curie temperature, spontaneous magnetization at 0 K, and magnetic

moments in Gd1.,CexCo, compounds

X Tc Mo Mad Mce Mco
(K) (us/f.u) (us/atom) (us/atom) (us/atom)

0.1 362 4.56 -7.2 -0.75 0.99
0.15 360 4.30 -7.2 -0.75 0.96
0.2 360 4.14 -7.2 -0.75 0.88
0.25 358 3.97 -7.2 -0.75 0.81
0.3 358 3.88 -7.2 -0.75 0.69
0.4 349 3.72 -7.2 -0.75 0.45
0.5 346 2.69 -7.2 -0.75 0.64
0.6 340 2.19 -7.2 -0.75 0.57
0.75 326 1.43 -7.2 -0.75 0.47
0.8 275 1.03 -7.2 -0.75 0.51

Based on the magnetization isotherms, measured between 280 K and 400 K with an increment
of 5 K between measured magnetization isotherms, the magnetic entropy changes were calculated for
Gd;xCexCo:> intermetallic compound with x = 0.2, 0.25, 0.3, 0.4, 0.5, 0.6 and 0.75. The temperature
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dependences of magnetic entropy change in 2 T and 4 T external applied fields for Gd;xCexCo>
compounds are plotted in Figure 4.11.
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Figure 4.11. Magnetic entropy changes for Gdi-xCexCoz compounds

The maximum values of entropy change occur almost around the transition temperatures for all
the compounds, Table 4.2. The second order magnetic phase transition is confirmed again by the
approximate symmetry of the variation of magnetic entropy change around the Curie temperature. The
magnetic entropy change decreases with the increase of cerium content, from 6.92 J/KgK for x =0.2 to
0.66 J/KgK for x = 0.75 in the applied magnetic field of 4 T. The peak on the ASw(T) curve in these
compounds is broad, full width at half maximum is increasing with cerium concentration, having a
maximum value of 42 K for x = 0.75. Therefore, the relative cooling power RCP(S) which is calculated

as a product between ASy and 6T has small values, but not negligible, meaning that the investigated
FWHM

compounds display a moderate magnetocaloric effect. Also, the normalized cooling power to the applied
magnetic field was calculated, showing small differences with the change of the applied magnetic field,
and, therefore confirming the applicability of these compounds in the technological field.

Table 4.2. The maximum value of temperature, the maximum value of magnetic entropy change, the
calculated relative cooling power parameter and the normalized cooling power to the applied magnetic
field for Gd1-«CexCo; intermetallic compounds in an applied magnetic field of 4T

X Tmax 145 | oT RCP(S) RCP(S)/AB
K M FWHM Ik JkgT
S o (Jkg) (OhkgT)

02 | 344 6.92 17 117.64 29.41

025 | 345 6.53 19 124.07 31.02

03 | 344 4.49 23 103.27 25.81

04 | 340 2.08 37 76.96 19.24

05 | 337 3.42 18 61.59 15.39

06 | 333 1.79 33 59.07 14.77

075 | 320 0.66 43 28.38 7.09
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Chapter 5
Electronic structure and magnetic behaviour of GdCo.-xAx intermetallic compounds

In this chapter is presented a detailed correlated study of structural, electronic, and magnetic
properties of GdCo..«Ax Laves phase intermetallic compounds, where A = Ni, Mn, Cu and Al. To get a
deep insight on the physical properties of the transition metal, different analysis tools have been
combined: magnetic measurements, X-ray photoelectron spectroscopy (XPS) and band structure
calculations. In view of potential applications in magnetic refrigeration, a full evaluation of
magnetocaloric properties was accomplished for the compounds with substitutional A = Ni, Cu and Al.

5.1. Crystalographic analysis of GdCo...Ax intemetallic compounds

GdCo2«Nix (x = 0.2, 0.25 and 0.3), GdCo1Aly2 and GdCo1sCuo.2 Were prepared by melting
high purity (99.99%) ingots in an arc furnace under purified argon atmosphere. Their homogeneity was
ensured by several times consecutive melting. The induction melting technique was used in order to
prepare GdCo,xMny with x = 0.1, 0.2 and 0.3 from high purity of Gd (99.9%), Co (99%), and Mn
(99.99%) elements, under an argon atmosphere. All samples were thermally treated in vacuum at 850
°C for 7 days and slowly cooled to room temperature. X-ray diffraction (XRD) was recorded at room
temperature on powder sample, using a Bruker D8 Advance AXS diffractometer with Cu Ka radiation.

The crystal structure and the lattice parameters were calculated by performing Rietveld
refinements on the experimental XRD data using the FullProf suite [31]. In all cases only one phase was
found, having the cubic MgCu, - Laves type structure. The Gd atoms occupies -43m sites while Co and
A (A=Ni, Mn, Cu, Al) are distributed randomly in -3m positions. The calculated lattice parameters are
presented in Table 5.1.

Table 5.1. Lattice constants for GdCo,.xMn, compounds

A X a[A]
Ni 0.2 7.24(9)
0.25 7.24(7)
0.3 7.24(4)
Mn 0.1 7.27(4)
0.2 7.29(6)
0.3 7.31(8)
Cu 0.2 7.27(8)
Al 0.2 7.31(2)

The change in lattice parameter is almost negligible when Co is substituted by Ni, which is
somewhat expected, considering the close values of atomic radii for cobalt (125 pm) and nickel (124
pm). For GdCo2xMn, compounds the lattice constant, calculated from Rietveld refinement, increases as
the manganese content increases, as expected, considering the atomic radius of manganese (140 pm)
larger than that of cobalt (125 pm). The lattice parameter of GdCo15Cug is smaller that of GdCo1sAly2
compound due to the smaller atomic radius of Cu (128 pm) compared with Al (143 pm) atomic radius.
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5.2. Band structure calculations and electronic structure of GdCo1sA02 intemetallic compounds

Using the FP-LAPW Wien2k computational code, to describe the GdCo1.sA¢.2 cubic Laves phase
(C15) systems, a supercell model has been used. From the ab-initio calculations we can conclude that
the ground state of the system corresponds to an antiferromagnetic alignment of the spin magnetic
moments of Gd and Co atoms, the total energy for the antiferromagnetic state being about 0.11Ry lower
than the ferromagnetic state.

Considering the calculated total magnetic moment in the interstitial zone of 3.80 s, the total
magnetic moment per formula unit for the GdCo1sNio2 compound was found to be 5.52 ug. This value
is slightly larger but in good agreement with the experimental value of 5.38 ug (see Table 5.2.). The
total magnetic moment obtained for GdCo1.sMno.2 specimenis 4.48 pg/f.u., in the intestitial zone of 3.87
ug, very close to the 4.51 pg/f.u.value obtained from magnetic measurements and the average calculated
magnetic moment for manganese is 2.86 pgs. Also, the computed and experimental results are in very
good agreement for the total magnetic moment per formula unit of GdCo1sAly2 and GdCo1sCuo.2
compounds, being 5.80 pg/f.u for GdCo1sAlozand 6.03 pg/f.u for GdCo1sCuo2 (calculated) and 5.78
pe/f.u for GdCoysAlo2and 5.75 pe/f.u for GdCo1sCuo2 (experimental). As reference, we also calculated
the electronic properties of the GdCo, compound, for which the total magnetic moment per formula unit
was found to be smaller (5.17 pg).

Table 5.2. The computed magnetic moments of GdCo1.sA02 compounds

Atom Position Spin moment  Spin moment  Spin moment  Spin moment
(u8) (u8) (u8) (u8)
A=Ni A=Mn A=Cu A=Al
Gd1 (1/8, 1/8,1/8) 7.27 7.28 7.27 7.27
Gd2 (7/8,7/8,718) 7.26 7.30 7.27 7.25
Gd3 (5/8, 5/8, 1/8) 7.26 7.30 7.27 7.26
Gd4 (3/8,3/8,718) 7.26 7.30 7.27 7.26
Gd5 (5/8,1/8,5/8) 7.26 7.30 7.27 7.26
Gd6 (3/8,7/8,318) 7.26 7.30 7.27 7.26
Gd7 (1/8,5/8,5/8) 7.26 7.30 7.27 7.25
Gds (7/8, 3/8,3/8) 7.27 7.28 7.27 7.27
A (1/2,1/2,1/2) -0.29 -2.88 0.02 0.03
A (1/2,3/4,314) -0.29 -2.81 0.03 0.02
Co3 (3/4,3/4,1/2) -1.27 -1.34 -1.15 -0.90
Co4 (3/4,1/2,3/4) -1.27 -1.34 -1.15 -0.90
Co5 (0,0,1/2) -1.29 -1.41 -1.20 -1.18
Cob6 (0,1/4,3/4) -1.33 -1.40 -1.29 -1.18
Co7 (1/4,1/4,1/2) -1.32 -1.36 -1.25 -1.09
Co8 (1/4,0,3/4) -1.27 -1.34 -1.15 -0.90
Co9 (0,1/2,0) -1.29 -1.41 -1.20 -1.18
Col0 (0,3/4,1/4) -1.33 -1.40 -1.29 -1.18
Col1 (1/4,3/4,0) -1.27 -1.34 -1.15 -0.90
Col2 (1/4,1/2,1/14) -1.32 -1.36 -1.25 -1.09
A (1/2,0,0) -0.29 -2.88 0.02 0.03
Col4 (1/2,1/4,1/14) -1.27 -1.38 -1.23 -1.02
Col5 (3/4,1/4,0) -1.32 -1.36 -1.25 -1.09
Col6 (3/4,0,1/2) -1.32 -1.36 -1.25 -1.09

20



The band structure analysis allows us to get deeper in the mechanisms responsible on the
magnetic moments of each element in the compounds. First, a larger calculated Gd moments with
respect to the atomic expectation (7 ug) clearly comes from the hybridization of the Gd-5d and Co-3d
orbitals: from the spin resolved valence charge distribution analysis we extract exactly the additional
0.26 pg contribution of the hybrid 5d-Gd orbital to the total Gd spin magnetic moment. The coupling
between Gd and the transition metals is therefore mediated by the 5d electrons of Gd hybridized with
the 3d electrons of the transition metal (Co, Ni). Second, the GdCo1sNio. density of states analysis
reveals the main mechanisms responsible of the reduction of the spin magnetic moment of Co when
doping with Ni. They are mainly related to Co-Ni hybridization and not simply to a rigid band energy
downward displacement effect, due to the extra-electron brought by the substitutional doping Ni in the
Co host places.

5.3. XPS spectra of GdCoxxAx intemetallic compounds

XPS core level spectra provide important information on the electronic structure, especially in
the case of 3d transition metal ions. The multiplet splitting of the 3s line for 3d transition metals with a
local magnetic moment is a good measure of the local moment of the ground state only when the charge—
transfer satellite in the 2p core level spectra is small.

5.3.1 XPS spectra of GdCo,«xNiy intemetallic compounds

The Co 2p XPS spectra (Figure 5.1) are dominated by two features located at 778.2 eV and
793.2 eV attributed to the 2ps» and 2p1s; states. Both these states are accompanied by broad satellite lines
at higher binding energies, which may be explained by assuming more than one 3d" final state
configuration.

Co2p,, CO} 3s
GdCo, ,Ni, GdCo, Ni, ‘

Ni 3s

810 805 800 795 790 785 780 775 770120 115 110 105 100 95
Binding Energy (eV) Binding Energy (eV)

Figure 5.1. Co 2p (right) and Co 3s (left) XPS spectra of GdCo,xNix compounds

The Co 3s core level spectra show a main line located at about 101 eV and a satellite at higher
binding energy, due to the exchange interaction Jqc between the core hole spin s and the 3d electron spin
S in all investigated compounds. [8]. In order to evaluate the exchange splitting, the XPS spectra were
fitted in the 90 eV to 120 eV binding energy region using three components: two Co 3s peaks,
corresponding to the high spin final sate S +1/2 and the low spin final state S-1/2, respectively, and one
for the Ni 3s core level, which is situated at about 110.7 eV. For all investigated samples we found an
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exchange splitting of about 3.2 eV between the high spin final state and the low spin final state of the
Co 3s core level, smaller to that found in the pure Co metal, namely 4.5 eV [55]. Since the exchange
splitting AEex = Jac(2S + 1) is proportional with the Co local moment [58], we estimate an average
magnetic moment for Co ions of about 1.2 pg in all investigated GdCo,xNix compounds.

The XPS valence band spectra of GdCo2xNix compounds are presented in Figure 5.2. The
centroids near Fermi level, located at 1.15 eV are assigned to Co 3d states, a value very close to that
observed in Co metal. The presence of the intense peaks observed at 8.1 eV is the contribution from Gd
4f state.

5.3.2 XPS spectra of GdCo.xMny intemetallic

compounds
The wvalence band XPS spectra for _
) ) ] \ x=0.3
GdCo1sMng2 compound, Figure 5.3. is dominated
by the Co 3d states situated at about 1.1 eV. The 0%
Mn 3d states are situated in the 2.5 — 3 eV region of \x=02

the valence band. The contribution of Gd 4f js 114131211109 8 7 6 5 4 3 2 1 0 -1 -2 3
Binding Energy (eV)

localized at 8.1 eV, like previously shown for Figure 5.2. XPS valence band spectra of
. GdCozxNix
GdCOZ.xNIx.

The line-shape analysis of the XPS spectra in the 85 eV to 120 eV binding energy region, shown
in Figure 5.4 for GdCo1.sMng2, reveals the exchange splitting of both the Co 3s and Mn 3s core levels,
which is direct evidence of the local magnetic moments on both Co and Mn sites. In order to evaluate
the exchange splitting in GdCo1sMno2 compound, the XPS spectra in the 85 eV to 120 eV binding
energy region was fitted after the subtraction of a Shirley type background. The Co 3s XPS spectrum
shows an exchange splitting of about 3.5 eV, smaller than that found in the pure Co metal, namely 4.5
eV, but close to the value found for GdCo,-xNix compounds. The Mn 3s core level spectra shows an
exchange splitting around 2.7 eV, indicating a magnetic moment of about 2 pus/Mn, considering that a
magnetic moment of 4 pg /Mn produces an exchange splitting of 5.2 eV in MnNi.
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Mn 3s
---Co3s
---Co3s
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Figure 5.3. XPS valence band spectra of Figure 5.4. XPS spectrum of Co3s and Mn 3s core
GdCoysMno2 levels in GdCo1.sMng.2 compound
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5.3.3 XPS spectra of GdCo18Cuo» and GdCoysAlg.2 intemetallic compounds

The XPS valence band spectra for investigated compounds are presented in Figure 5.14. The
high intensity peaks located at 8.2 eV for GdCo1sAlo. compound and 8.1 eV for GdCo1.8Cuo. are due
to the Gd 4f states. The Cu 3d states are centered at about 3.7 eV, as clearly seen in the spectra of
GdCo15Cuo2. The noticeable difference between the two spectra, at binding energy below 3 eV, is due
to the Al 3s and Al 3p states, which are located close to the Fermi level.
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Figure 5.5. XPS valence band for GdCo; sAlo2 and

GdCo1.5Cug2 compounds
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Figure 5.6. Gd 4d XPS spectra for GdCo1 sAlo2

and GdCo; gCuo2 compounds

Gd 4d XPS spectra for GdCo1.8Alo.2 and GdCo1.sCuo.. compounds spectra is presented in Figure
5.6. A shift in the Gd 4d peaks position towards higher binding energy is observed upon on substitution
of Co by Cu/Al compared to previously investigated GdCo1sMno2 and GdCozxNix compounds, which
can be attributed to the charge transfer from Gd to neighboring atoms.
The Co 3s XPS spectra for the investigated compounds are very similar, as illustrated in Figure

5.7.
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Figure 5.7. XPS spectra of GdCo; sAly2 and
GdCo1.5Cug 2 compounds
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Figure 5.8. Co 2p XPS spectra of GdCo1Alo> and

GdCo1.5Cup2 compounds
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For both samples, the Co 3s core level spectra show an exchange splitting, arising from the
exchange interactions between the core hole and open 3d shell. The Al 2s states in GdCoisAlp2and Cu
3s states in GdCo1gCuo are located at higher binding energy, at 118.2 eV and 122.6 eV, respectively.
After fitting the XPS spectra in the 90 eV to 130 eV binding energy region, the values obtained for the
exchange splitting AEe, which are proportional with the Co local moment, were used to estimate an
average magnetic of about 1.3 pg for the Co ions in both GdCo1sAlo2 and GdCo1sCuo2 compounds..
The Co 2p XPS spectra for the investigated GdCox1.sAlo2 and GdCo1.8Cuo.. compounds are presented in
Figure 5.18. The Co 2p XPS for both GdCo1sAlo2 and GdCo;sCuo2 compounds present a spin-orbit
splitting of about 15 eV. The position of the Co 2ps2 and 2py» peaks in the XPS spectra of GdCo1.sCuo.»
is very close to the ones previously presented for GdCo1sMng2 and GdCo,xNix compounds. The shift to
lower binding energies of the Co 2p core level spectra of GdCoigAlo> is due to the increase of
interatomic distances, as the lattice parameter is larger than for the other investigated GdCo1sAo2
compounds.

5.4. Magnetic properties of GdCo..xAx intemetallic compounds
5.4.1. Magnetic properties of GdCo,«xNix intemetallic compounds

The magnetization measurements as a function of temperature, in the applied magnetic field of
0.05T are presented in Figure 5.9. indicate that all the prepared compounds undergo a transition from
the paramagnetic state to the ordered magnetic state. The Curie temperatures were calculated as the
minima in the first derivative of magnetization dM/dT vs temperature and plotted in the inset of Figure
5.9. As the concentration of Ni increases, the Curie temperature, Tc, significantly gets reduced towards
room temperature as can be seen in Table 5.3. The Curie temperature is determined, mainly, by the M-
M strength interaction which depends both on the interatomic distances and the number of nearest
neighbors [59]. In our case the substitution of Co by Ni modifies the exchange Co3d - Co3d interactions
(Co3d - Ni3d or Ni3d - Ni3d being weaker), enabling the decrease of T¢ toward room temperature.
Therefore, the almost inversely proportional decrease of Curie temperature on Ni concentration value
can be attributed to the magnetic dilution.
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- -0.025

F 0050

-0.075

M (np/f.u.)
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Figure 5.9. The magnetization vs temperature for GdCo,xNix compounds, in the applied magnetic
field of 0.05T. The inset shows the first derivative of magnetization vs temperature.
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The magnetization isotherms recorded at 4.2 K are plotted in Figure 5.10. Values of 4.96 ps/f.u
[60], 5 pe/f.u [61] 4.89 ue/f.u [62] were reported previously for the saturation magnetization in the
parent compound, GdCo,. The saturation magnetization values obtained for GdCo,xNix compounds
increases when replacing cobalt by nickel is in good agreement with a ferrimagnetic-type ordering,
gadolinium and cobalt magnetic moments being antiparallelly oriented.
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Figure 5.10. Magnetic isotherms of GdCo2-«Nix compounds at 4.2 K in the applied magnetic field up
to 10 T. The inset shows the magnetic hysteresis for the investigated samples at 4.2 K.
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Table 5.3. The values of the Curie temperature, saturation magnetization, and magnetic moments in
GdCo,-«Nix compounds. The values of 7.26 pg for Gd moment and -0.29 pg for Ni moment were extracted
from from ab-initio calculations -see section 5.2.

X Tc Mo Med (Me/atom)  my; (Us/atom) Mco
(K) (us/f.u.) (us/atom)

0.2 332 5.38 7.26 -0.29 -1.01

0.25 313 5.50 7.26 -0.29 -0.96

0.3 303 5.68 7.26 -0.29 -0.88

The substitution of Co by Ni modifies the strength of 3d-3d exchange interactions, being smaller
in Co 3d-Ni 3d than in Co 3d-Co 3d. This roughly explains the decrease of the Curie temperature when
substituting the Co with Ni. Moreover, the Ni substitution slightly lowers the Co magnetic moment in
GdCo.«Nix compounds. The mechanisms of the cobalt magnetic moment decrease are deeper revealed
by band structure analysis (see section 5.2). It is mainly related to Co-Ni hybridization and filling of
bands with extra-electrons provided by Ni that has one more electron with respect to Co.

5.4.2. Magnetic properties of GdCo..xMny intemetallic compounds

Magnetic measurements for the GdCo.«Mny were performed in a wide temperature range, 4K
—550 K and the applied magnetic field used for investigations was up to 12 T. Zero Field Cooled (ZFC)
— Field Cooled (FC) magnetizations curves, recorded under a small applied magnetic field of 0.05T, are
plotted as a function of temperature in Figure 5.11, for GdCo; sMno, sample. The separation of ZFC
and FC magnetization curves below 270 K is a signature of spin glass like behavior, which could be
explained by the existence of random distribution of the magnetic ions or magnetocrystalline anisotropy
which is related to the magnitude of coercivity at low temperature.
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Figure 5.11. Curves showing Zero Field Cooled Figure 5.12. The derivative of the magnetizations
(ZFC) — Field Cooled (FC) for GdCo1sMng2sample  versus temperature for GdCozxMny compounds

The temperature dependences of magnetizations for the samples with x = 0.1 and x = 0.3 were
also recorded in small applied magnetic field of 0.05 T, with the purpose of obtaining the Curie
temperatures. Thus, the first derivative of magnetization as temperature were calculated and plotted in
Figure 5.12. An increase of the transition temperatures with the manganese content were observed from
436 K for x = 0.1 to 479 K for x = 0.3, listed in Table 5.4.

Investigated samples were subjected to the 12 T applied magnetic field in order to record the
magnetization isotherms at a temperature of 4 K. It can be noticed a downward trend for the saturation
magnetization as the manganese content is higher, 4.89 uB/f.u. forx=0.1, 4.51 uB/f.u. for x = 0.2 and

4.22 uB/f.u. for x = 0.3. This trend is typically for ferrimagnetically ordered systems with an antiparallel

orientation of Gd and Co/Mn magnetic moments. Considering this, and the upper results obtained from
band structure calculations which established a value of 7.29 pB/atom for gadolinium magnetic moment

and 2.86 uB/atom for manganese magnetic moment (see Table 5.2) we have calculated the magnetic

moments for cobalt atoms. The results are listed in Table 5.4 and show an increase of cobalt magnetic
moment with the manganese content, from 1.11 uB/at. forx=0.11t01.30 uB/at. forx=0.3.

M (i /f.u.)

0....I....I....I....I....I....

0 2 4 6 8 10 12
HoH(T)
Figure 5.13. The magnetization isotherms measured in external magnetic field upto 12 Tat 4 K
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Table 5.4. Curie temperatures for GdCo,xMny, saturation magnetization at 4K, reported magnetic
moment for Gd and Mn, calculated magnetic moment for Co

X T (K) M (u /fu) m m m
c s B Gd Mn Co
(pB/atom) (pB/atom) (uB/atom)
0.1 436 4.89 7.29 -2.86 -1.11
0.2 452 4.51 7.29 -2.86 -1.22
0.3 479 4.22 7.29 -2.86 -1.30

5.4.1. Magnetic properties of GdCo1sCuo2 and GdCo1sAlo intemetallic compounds

The temperature dependence of the magnetization in a small applied magnetic field of 0.05 T
was recorded for GdCoigAlo2 and GdCo1sCuo2 compounds in order to calculate the transition
temperature. The Curie temperatures were determined as the minimum values of the first derivative of
magnetization as a function of temperature, plotted in Figure 5.14, inset. The obtained values were 378
K for the sample doped with copper and 382 K for the aluminium one, very close to each other.
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Figure 5.14. Magnetization versus temperature and the first ~ Figure 5.15. Magnetization isotherms at 4 K
derivative of magnetization as a function of temperature (inset) for GdCo; gAlo, and GdCo1sCug 2

for GdCos sAlo2 and GdCo; sCup 2 compounds

From magnetization isotherms measured at 4 K in the applied magnetic field up to 8 T, the
saturation magnetization has been calculated. The saturation magnetizations have very close values,
5.75 pe/f.u for the copper sample and 5.78 pg/f.u for the aluminium sample. Therefore, using the
obtained magnetic moment from our band structure calculation 7.29 pg/atom for Gd, 0.2 pg/atom for
Cu and 0.3 pe/atom for Al and considering an antiparallel alignment of Gd and Co/Cu, Al magnetic
moments the cobalt magnetic moment has been estimated to be 0.83 ps/atom for copper sample and
0.81 ps/atom for aluminium sample. The decrease of the Co magnetic moment compared with undoped
sample can be explained by weakening the 3d-3d exchange interactions due to substitution with almost
non-magnetic Cu or Al.

27



5.5. Magnetocaloric effect of GdCo..xAy intemetallic compounds
5.5.1. Magnetocaloric effect of GdCo..«Nix intermetallic compounds

The magnetic entropy change was calculated based on the magnetization isotherms measured
between 280 K and 380 K, with a step of 5 K, in the external magnetic field between 0-2 T and
respectively 0-4 T and plotted as a function of temperature in Figure 5.16. The substitution of Co by Ni
causes a very small increase in maximum entropy change values, as listed in Table 5.5. Nevertheless,
the | ASm | peaks are broader, which is mandatory for a good refrigerant material.
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Figure 5.16. The temperature dependences of the magnetic entropy change for GdCo,.xNix
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The magnetic refrigeration efficiency was evaluated by calculating the relative cooling power
(RCP) for all the investigated samples, larger values corresponding to better magnetocaloric materials
[58]. The RCP(AS) values, presented in Table 5.5, are rather large, indicating that the materials could
be used for the magnetic refrigeration applications. For technical application it is better to use another
characteristic parameter, related to the external field variation, namely the specific renormalized cooling
power, RCP(AS)/AB (Table 5.5) [63]. For our samples RCP(AS)/AB values decreases slowly when the
Ni concentration increases but do not depend significantly on the applied magnetic field change. The
decrease of the RCP(AS)/AB values with increasing Ni concentration could be attributed to the
narrowing of the | ASm | peaks.

Table 5.5. The magnetocaloric parameters for GdCo,xNixcompounds

X Trmax |AS | oT RCP(AS) RCP(AS)/AB
(K) (J /KSAK) (%HM (J/kg) (I/kgT)
AB=4T AB=2T | AB=4T AB=2T | AB=4T AB=2T | AB=4T AB=2T
02 [330 |3.07 1.82 71 55 217.97 100.10 |54.49  50.05
0.25 | 319 |3.43 2.00 59 46 202.37 92.00 |5059  46.00
03 |304 |3.07 1.84 46 44 14122 80.96 |35.30  40.48

5.5.2. Magnetocaloric effect of GdCo15Cuo2 and GdCos sAly 2 intermetallic compounds

The magnetic entropy changes were calculated for GdCosAlo2 and GdCo1.sCuo2 compounds
from magnetization isotherms measured with a step of 5 K in the temperature range 320 K — 440 K. The
maximum value of magnetic entropy change is reached at a temperature very close with the transition
temperature for GdCo1gCug 2 Sample, being 381 K, while for GdCo: gAly> sample is reached at the same
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temperature as the transition one, 382 K. As can be observed, the |ASM |peaks are sensitive to the
applied magnetic field, the maximum value of magnetic entropy changes is decreasing if the applied
field is reduced from4 Tto 1 T.
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Figure 5.17. The temperature dependence of the magnetic entropy change for GdCo gAlo» (left)
and GdCo;sCuo (right) in an external magnetic fieldof 1L T,2T,3T and 4 T.

The substitution of Co for Cu or Al doesn’t cause a significant change on the maximum value
of magnetic entropy changes, see Table 5.6. The obtained values for normalized RCP at applied
magnetic field are close to each other for both investigated compounds, making them suitable candidates
for magnetic refrigerators materials.

Table 5.6. The maximum value of temperature, the maximum value of magnetic entropy change,the
calculated relative cooling power parameter (RCP) and the normalized RCP to the applied magnetic
field for GdCo1sAlo2 and GdCo1.5Cug2 compounds

A | Tox |45 | oT RCP(S) RCP(S)/4B
K M FWHM Jlk J/kgT
(K) (JIKK) ) (J/kg) (I/kgT)
AB=2T AB=4T AB=2T AB=4T AB=2T AB=4T AB=2T AB=4T
Cu|381L 1.64 2.71 45 66 73.8 178.86 36.9  44.71
Al | 382 1.76 2.89 48 82 84.48 236.98 4224  59.24
Chapter 6
Conclusions

In this work we succeeded to point out some physical properties of RM, Laves phase type
intermetallic compounds, additionally to the existing researches on this class of compounds. Arc melting
technique was used for preparing CeixYxFe2, GdixCexCo2, GAdC0o2xAx (A=Ni, Cu, Al) systems and
induction technique for GdCozxAx (A = Mn) systems, using high purity starting elements, and structural
properties were investigated by X-ray diffraction measurements. The dopant concentration was chosen
to adjust the transition temperature as close as possible to the room temperature. In order to get a deep
understanding of the physical properties of the transition metal, different analysis instruments have been
combined: magnetic measurements, X-ray photoelectron spectroscopy (XPS) and band structure
calculations. A full evaluation of magnetocaloric properties was carried out in order to check the
possibility to use the investigated systems in magnetic refrigeration field.
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The prepared Ce1.YxFe2 compounds with X<0.25 are single phase with a cubic Laves phase type
structure. The band structure calculations show an antiferomagnetic couupling of Fe magnetic moments
to the Ce/Y ones. The computed magnetic moments for Fe atoms are in good agreement with the
experimental ones. The magnetic measurements indicate that the samples are ferrimagnetically ordered
with a second order magnetic phase transition and a roughly linear increase of the Curie temperature
with Y concentration. A moderate magnetocaloric effect was found for all samples, with the maximum
entropy change located at temperatures near the magnetic transition ones. Considering the possibility to
tune the transition temperature and the magnetocaloric effect around room temperature, together with
the high RCP(S) values, the broadened magnetic entropy curves and the absence of magnetic hysteresis,
these materials are promising candidates for magnetic refrigeration devices.

The cubic Laves phase Gdi.xCexCo, compounds (x = 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.75,
0.8 and 0.9) were successfully prepared, structure analysis indicating that all the samples are single
phase. The recorded XPS core level spectra show that Ce ions are in intermediate valence state and that
the magnetic moments of Co atoms have almost the same magnitude in all compounds, but being smaller
than in pure Co metal. The XPS valence band spectra of Gdi.«CexCo, compounds are mainly the result
of the Co 3d, Ce 5d, and Ce 4f states overlap, influenced by the 3d-5d and 3d-4f hybridizations. From
the magnetic measurements result that the investigated Gdi.«CexCo, compounds are ferrimagnetically
ordered, with an antiparallel alignment between Gd and Co moments. The Curie temperature and the
Co magnetic moments have been determined observing a descendent trend for both as the Ce
concentration increases. These behaviours were attributed to the changes in the neighbourhood of the
Co atoms through substitution of Gd for Ce which modify the contributions associated with R 5d-M 3d
hybridization and finally the cobalt magnetic moment. The broad and almost symmetrical shape of the
magnetic entropy changes, ASu(T), peaks point out that the compounds exhibit a second-order magnetic
phase transition. The relative cooling power (RCP) and normalized cooling power to the applied
magnetic field (RCP/4S) have been calculated in order to evaluate the magnetic cooling efficiency

GdCo2-+Ax compounds (A = Ni, Mn, Cu and Al) possess cubic MgCu;, - Laves type structure.
The calculated lattice parameters are very close to those reported for GdCo,. Band structure calculations
for these compounds confirm very well the total magnetic moments per formula unit obtained
experimentally. Furthermore, the atomic average magnetic moments for Gd, Co, Ni, Mn, Cu and Al
were calculated. XPS measurements for GdCo.«Ax compounds showed no significant shift in the
binding energy of the investigated Co core levels with the change of the dopant element, as expected
considering that the lattice parameter and hence the distance between the atoms have close values. For
all investigated samples the Co 3s core level spectra give us direct evidence of the local magnetic
moments on Co sites and an average magnetic moment atom can be estimated being, the values obtained
being in very good agreement with the values obtained from band structure calculations and magnetic
measurements. From the Mn 3s core level spectra an approximate value of the manganese magnetic
moment was obtained. The magnetic measurements show that all of the samples are ferrimagnetically
ordered. Moreover, the Arrott plots, the temperature dependence of Landau coefficients and the shapes
of magnetic entropy changes confirm the presence of a second order magnetic phase transition. The
calculated relative cooling power, RCP(S), normalized relative cooling power at the applied magnetic
field, RCP(AS)/AB, and temperature-averaged entropy change, TEC parameters show that these
compounds could be promising candidates for applications in magnetic refrigeration devices.
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