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Chapter 1

Introduction

Rare earths and their compounds are of high technical interest and many
new fields for applications emerge, due to their wide range of unique physical
and chernical properties. By taking advantage of the characteristics from all
contributing elements and the interactions between them, a rare earth com-
pound can often be designed which possesses exactly the desired properties
specially adapted for the intended application, or as a better substitute for
existing materials.

This special behaviour arises mainly from the partly filled 4f shell of the
rare earth element, which is embedded in the core of the atom with strongly
localised moments, while simultaneously their energy states are situated in
_the (extended) valence band; close to the Fermi level for the light rare earths
and some eV helow for the heavy rare earth elements. While the ground
state multiplet of the 4f subshell may generally be described completely by
quantum mechanics and the Russell-Saunders coupling, the situation is very
complex for excited configurations due to the highly correlated character of
the unbalanced 4f electrons, causing that much of the theoretical description
of optical spectra is not yet fully understood, in particular when many body
processes are involved. Thus, much work remains to be done to analyse the
behaviour of the rare earth atom in interplay with the other elements of the
system.

The present thesis is concerned with the characterisation of some rare
earth compounds in order to understand further the effects ruling the physi-
cal behaviour in these highly correlated systems and the interplay of various
energy scales. A special focus is put on the RNiSb series (R = different rare
earth elements) as they combine both the properties induced by the rare
earth element with a narrow band electronic structure in these hexagonal
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or semi-Heusler compounds. This then leads to strongly varying properties
especially between the compounds with a light and a heavy rare earth ele-
ment, ranging e.g. from paramagnets, over ferromagnets to antiferromagnetic
structures. The compounds with light rare earth elements are metallic while
heavy rare earth compounds are of particular interest as they are magnetic
semiconductors where a giant magnetoresistance is discovered.

In order to perform these studies, the group of compounds was investi-
gated from different points of view by employing a wide range of charac-
terisation methods, namely several different magnetic-, transport-, neutron-,
as well as photoemission techniques. As will be shown in the body of the
thesis, these techniques are complementary in the sense that each of them
reveals information on energy levels within a specific energy range, and the
results from one technique are often required to analyse the data obtained
by another method.

For instance, the magnetic moments of the 4f shell scatter the conduc-
tion electrons, thus affecting the electrical resistivity and the magnetoresis-
tance. These transport mechanisms depend on the electronic states around
the Fermi level, as well as most physical properties linked to the electronic
structure; l.e. the spin distribution of the unpaired electrons explains once
again the magnetic moments. The crystalline electric field {CEF) is deter-
mined by the bondings in the lattice; it rules many of the observed macro-
scopic properties (ground state magnetisation, magnetoresistance) which are
governed by the population, structure and symmetry of the CEF-levels.

An important aspect of the present work involves the use of theoreti-
cal models, which form an essential means of interpreting the experimental
data. For each technique employed, the spectra were either simulated or
the experimental data were compared and deconvoluted with the values ob-
tained on the theoretical side. The theoretical description allowed then to
calculate macroscopic properties, which were also directly measured with
another experimental technique. For example, the nature of the resistivity
and magnetoresistance mechanisms could be identified by modelling different
conduction processes, supported by calculations of the electronic structure.
The latter calculations were also necessary to analyse the photoemission and
resonance spectra. Simulations of the elastic neutron diffraction and inelastic
neutron scattering spectra enabled to determine the magnetic structure and
the crystalline electric field scheme, which then in turn allowed fo calculate
the magnetic resistivity and the susceptibility on this basis.

The general structure of the thesis is as follows: After this general in-
troduction, the opening chapter (2) presents the studied group of rare earth



compounds and their erystal structures as determined by X-ray diffraction.
Thereafter, the various magnetic properties are investigated with the help of
magnetisation, susceptibility and elastic neutron diffraction measurements
(chapter 3). The next chapter (4) is devoted to the electrical transport prop-
erties as well as their modification under a magnetic field, followed by the
analysis of the CEF determined by inelastic neutron scattering (chapter 5).
The electronic structure is then investigated in the following large experimen-
tal chapter (6}, focused on the states in valence band which is responsible
for many physical effects analysed by photoelectron spectroscopy techniques
and by resonance experiments. The final chapter (7) contains a summary of
the conclusions and possible directions for further work. At the beginning
of each chapter, the theoretical background is shortly presented; sometimes
necessary results are already given there to which is then referred back tater
during the analysis.







Chapter 2

Rare earth compounds

2.1 Introduction

The group of rare earths (RE or R) comprises 17 metallic elements, scan-
dium, yttrium, lanthanum and the elements of the extended sixth row of the
periodic table, cerium to lutetium; the latter alone are referred to as lan-
thanides [1]. After the discovery of the first rare earth element, yttrium, in
1794 by Lt. C. A. Arrhenius in a rare swedish ore, the other elements were all
found in the following 110 years. However, these elements generally occur all
together in nature because of their similar chemical properties which proved
them to be very difficult to isolate and to obtain RE elements in the pure
form. Therefore, a lot of research had been devoted to solid solutions between
different RE elements, before, after the invention of ion exchange resins in the
1950°s, the elements became commercially available at a reasonable purity.

The great interest in rare earths and their compounds is motivated by
the large amount of unique properties, which are already technically em-
ployed and open the scope for further future applications, some of these are
stated below. Materials out of this group of RE compounds are applied as
excellent strong permanent magnetic materials (e.g.NdFeB, RCos [2]), mag-
netostrictive devices {e.g. RFe; [3]), magneto-optics (e.g. RFeCo) and are
used in metal hybride (Ni-MH) batteries [4]. Many intermetallic rare earth
compounds can absorb large amounts of hydrogen which has among others
invoked a large interest in search for compact, light and safe hydrogen stor-
age tanks applied in electric vehicles and antomobiles in combination with
fuel cells. Rare earth compounds have gained a large impact on the the
field of chemical sensors due to their high sensing characteristics [5] being

11
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applied for example to control emission from power plants in order to reduce
alr pollution. The richness of possible excited rare earths states make these
materials a good source for laser materials and fluorescent screens - such as
television screens and intense sources of light [6]. From the theoretical point
of view, the analysis of rare earth compounds offers a unique possibility to
study theoretical models in which spin and orbital moments occur as a pa-
rameter, as within the rare earth series the physical properties vary strongly
while influencing little the chemical surrounding. Thus, it is often possible
to design a material which possesses almost any property one desires, which
then leads to new or optimized applications or which could be used to find
substitutes for scarce materials. For these reasons, rare earth compounds
are of high technical interest having provoked an intensive, still ongoing, re-
search for understanding the properties and mechanisms in these complex
compounds, in order to open a perspective for optimized and new materials
for future applications and devices.

This has promoted a considerably large amount of research in this field
[7], since the properties of the rare earth elements are quite unique in the
periodic table. In contrast to the other metals, the internal core like 4f
shell is successively filled in this group, provoking strong localised magnetic
moments, different coupling mechanisms and strong correlation effects as will
be outlined in the following section 2.2.

RE compounds were studied extensively; those formed between RE and
3d transition metals are of particular interest, because one can benefit simul-
taneously from the high magnetic moment per atom and the strong single-ion
magnetocrystalline anisotropy of the RE partner and as well as from the high
magnetic coupling strength of the moments of the 3d transition metal part-
ner. A large amount of research has been done on this group of compounds,
reviewed for example in {8, 9, 10, 11, 12]; i.e. RM and RM, compounds, like
for example GACu and GdCu,, e.g. [13, 14, 15, 16, 17, 18], which were studied
extensively in the 1970°s and early 1980’s, characterizing almost completely

their bulk properties.

In the following years, a lot of research has been shifted to ternary rare
earth compounds, which can show more specialised properties which may be
exploited for possible applications and for studying the physical processes
involved. Compounds between some rare earths, transition metals and met-
alloids were particulary studied, for fundamental purposes (1:2:2 compounds
like supraconducting CeCuySiy) [19] as well as for applications (Nd,Fe  B)
[20]. Especially interesting became the group of Heusler alloys X,YZ the
prototype of which is CusMnA! [21]. These compounds are well known for
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transition 3d metals and also exist with rare earths, for instance RCusln,
RPd,Sn [22, 23, 24]. Although still showing band magnetism, their magnetic
moments are more localised due to the larger distances between magnetic
atoms than in the corresponding pure metals, allowing a closer investigation
of the magnetic properties. For example, it led to the striking observation,
that when the three "non-magnetic” metals are combined, e.g. Cu, Al and
Mun, the formed Heusler compound is in turn ferromagnetic. All these pure
Heusler phases are metallic with a strong density of states at the Fermi level.

Contrarily, in semi Heusler compounds, XYZ, a vacant site in the crystal
structure leads to larger distances between neighbouring X atoms (dx._x =~
4.2A) instead of (dx_x ~ 3.0A) in Heusler phases (X,Y Z), resulting in a
weaker overlap between the X-transition metal wave functions, giving rise to
narrower bands and the appearance of gaps in the density of states (DOS)
[25]. This remarkable feature gives rise to a large variety of electronic and
magnetic properties [26, 27], which seems to be strongly dependent on the
number of valence electrons (EC) {28]. When the number is equal to 18
(e.g. TiNiSn, TiCoSh, ZrNiSn), these phases are often narrow gap semicon-
ductors, while the compounds with more (e.g. EC=19: CoVSb, NiTiSh})
or less (e.g. EC=17: FeTiSh, CoTiSn) valence electrons are metallic . The
semi Heusler structure became famous after the discovery of so-calied 'half
metallic character’ in MnNiSb and MnPtSb [29, 30, 31, 32, 33, 34].

RNiSh compounds are of particular interest, as they combine both the
effects arising from the narrow band structure with the special properties of
the rare earth atom. Apart from a first report of the existence of the crystal-
lographic structure in 1983 [35], these compounds became investigated very
recently during the last five years. First studies were devoted to the Ce and
Yh compounds in search for a Kondo-like or intermediate-valence behaviour;
CeNiSh was proposed to be a ferromagnetic Kondo lattice [36, 37, 38]; Yh-
NiSh orders antiferromagnetically below 0.8 I [39, 40]. The paramagnetic
susceptibilities of other compounds were then investigated by Hartjes and
Jeitschko [41], Skolozdra et al. [42] reported antiferromagnetic ordering from
Gd to Dy compounds. Very recently, the series of RNiSh compounds was
studied in detail by the means of several different characterisation methods
[26, 43, 44, 45, 46] the results of which are also found in the present work.
Furthermore, many similar isoelectronic compounds have been investigated
recently and have shown interesting magnetic and physical properties like for

example the RPdSh series [47, 48, 49, 50, 51], RRhSb [52, 53] and RPtSb {54].
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2.2 Rare-earth theory

The theory of rare earths and their compounds comprises a large field, ex-
tensively presented in many review articles, e.g [7, 11, 55]. Therefore, this
section summarizes only some basic information, which is directly linked to
the interpretation and analysis of the results in present work.

The group of rare earths is characterized by the successive filling of the
internal 4f shell from 0 (La) to 14 (Lu) electrons, which is physically shielded
by the 5d-6s conduction band electrons. They all comprise, in their neutral
ground state configuration, the closed shell electronic structure of the noble
gas xenon ls'2s®3s7?3p% 3d10 452 4p°% 440 552 5p° and two or three external
electrons (6s* or 5d6s?) in addition to the group of 4fV electrons as given
in table 2.1.

ol o .‘.\. ]
Hin .
o ./ J AAA\.
6 /A/ .V— \A\ .
L - 37‘ mﬁﬁﬂ\;
N \ pth / |
4| '“’ / _
of '\ ./L _'

La Ce Pr NdPmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

R% free ion

Figure 2.1: Theoretical construction of the L, S, L, g; and pusp, = g5+/J(J + 1)
values for the free lanthanide trivalent ions.
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The magnetic properties of the rare earths are determined by their ground
state configuration, since the first excited multiplet is sufficiently separated
in energy. In the crystalline state, the electric field removes then the (2J+1)
fold degeneracy of the ground state multiplet (see section 5.2), but the crystal
field splitting is generally much smaller than the spin orbit coupling energies.
Within the ground state configuration of one rare earth atom, the magneti-
cally important 4f electrons couple together according to the Russell-Sauders
coupling and Hund’s rules giving angular (L), spin (S) and total momenta (J)
as drawn in figure 2.1. Considering the small spatial extent and the highly lo-
calised character of the 4f wave functions which have very little overlap with
neighbouring atoms, there is essentially no direct exchange as being present
in 3d transition metals. Consequently, the magnetic interaction mechanisms
has to proceed hy an indirect exchange; the coupling takes place via the po-
larisation of the conduction electrons, which is generally referred to as the
Ruderman Kittel Kasuya Yosida (RKKY) theory [56, 57, 58].

Due to the interplay between crystal field, magnetoelastic, direct and
indirect exchange interactions, the magnetic structures of rare earth metals
and their compounds are particulary complicated. Their angular, spin and
total moments vary in a wide range, shown in figure 2.1, giving rise to a rich
variety of many different magnetic and physical properties. As they are little
influenced by the chemical surrounding, the analysis of rare earth compounds
also offers a unique possibility to study theoretical models in which spin and
orbital moments occur as a parameter making this class of compounds an
ideal model system for theoreticians.

Rare earth compounds are highly correlated systems with unbalanced 4f
electrons, where the electron spins and magnetic moments, in particular those
of the 4f ones, are strongly coupled and are causing large interaction effects.
Thus, optical spectra, e.g. photoemission ones, are rather complex with a
large number of lines, and complicated multiplet structures are formed. In
these highly correlated materials, it is no longer possible to reduce the prob-
lem to an one body approximation and many body effects should be consid-
ered, which makes the analysis of these complex spectra more interesting
and challenging. Strong resonance effects occur in the rare earths and their
compounds, especially when involving the 4d and 4f electronic shell, as the
radial extent of those wave functions is comparable (see figure 2.2), leading
to strong overlap and coupling between the 4d and 4f states. More details
will be given later in chapter 6.2.2.

The stability of an atomic arrangement at the microscopic scale depends
on many factors, such as geometric, electronic and energetic restrictions as
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Element electron ground E] Pmar  Heff
configuration state sl |ps]
multiplet
Lanthanum  La 49 (5d 6s)° 'Sy 0 0
Cerium Ce 4f1 (5d 6s)° *Fs s 6/7 214 2.54
Praseodymium Pr 412 (5d 65)* “Hy 4/5 3.20  3.58
Neodyminm  Nd  4f* (5d 6s)° 419/2 8/11 3.27 3.62
Promethium  Pm 4f4 (5d 6s)° 1y 3/5 240 2.68
Samarium Sm 4 (5d 6s)? *Hs /2 2/7 071  0.85
Europium Eu 47 (5d 65)? Fo 0 0
Gadolinium ~ Gd  4f7 (5d 6s)* *S7/2 2 700 794
Terbium Th 48 (5d6s)®  TF, 3/2 9.00 9.7
Dysprosium Dy 47 (5d 6s)® ®His;» 4/3  10.00 10.65
Holmium Ho  4f'°(5d 6s)° 5Tg 5/4 10.00 10.61
Erbium Er  4f'' (5d6s)® 4115/2 6/5 9.00 9.58
Thulium Th A% (5d6s)° Hg /6 T.00  7.56
Ytterbium Yb  4f" (5d 6s)? *Frra 8/7 4.00 4.53
Lutetium Lu  4f(5d 6s)? 1So 0 0

Table 2.1: Principal properties of rare earths ground state multiplets. gy is
the Landé factor (eq. 3.2), uess gives the free ion (paramagnetic) magnetisa-
tion (eq. 3.5) and fimq, describes the maximal magnetisation in the ordered
phase (e.g. ferromagnetic). La and Lu are non magnetic due to their empty
and completely filled 4f shell.

well as on the type of chemical bonding, resulting in the formation of a
large variety of different crystal structures within the group of rare earth
compounds. As a general rule, close packed crystal structures are often
favoured when forming a compound between a rare earth and a transition
metal. The crystal structures relevant for the present work are presented in
the pext paragraph. Due to the sensitivity of the stabilising factors, small
variations in the parameters are often sufficient to invoke a martensitic type
phase transformation of the crystal structure. It occurs quite frequently
within a rare earth series of a particular compound, often in the middle of
the series, at Gd, related to the turning point of some properties. Many of
CsCl type rare earth intermetallic compounds RM (M = nonmagnetic metal)
undergo a cubic - tetragonal structural phase transition in dependence of
temperature or pressure, which has been considered to arise from the hand
Jahn-Teller effect, by which d bands in the 5d6s bands of rare earth are split
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Figure 2.2: Radial distribution (in atomic units, a.u.) of the different elec-
tronic shells in atomic Th [59]. The wave functions were calculated with a
relativistic self consistent field program using the code from Liberman [60].

so as to gain in band energy [61]. In particular, within the RCu series a
transition occurs from the orthorhombic FeB crystal structure (R = Ce, ...,
Gd) to the cubic CsCl type one (R = Gd, ..., Lu). At room temperature,
(GdCu is stable in both crystal structures, with a very low activation energy
for the transition between these two phases [63], [64]. For this reason, any
slight disturbance is sufficient to provoke a transformation on a microsopic
scale preventing any long range order to remain stable at the surface.

2.3 Crystal structures

The series of RNiSb compounds (R=Y, La, Ce, Pr, Nd, Gd, Th, Dy, Ho,
Er, Yb, Lu) was prepared at the Laboratoire de Magnétisme Louis Neel by
induction melting of the pure elements in a cold copper crucible under an
argon atmosphere {figure 2.4}, melting first the two metals and afterwards
adding the antimony. About 2% of extra amount of antimony was added in
order to compensate for the losses by evaporation caused by the high vapour
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Figure 2.3: Electrical resistivity versus temperature for GdCu [62]. The
arrows on the resistivity curve denote the measuring direction. The FeB
phase (top curve) and the CsCl phase (bottom curve) are both stable at
room temperature.

pressure of Sb [65]. The samples were weighted at each stage of the melting
processes assuming the small loss of substance to be caused by antimony
evaporation. Afterwards, the as-cast compounds were annealed at 700 C
under vacuum for at least 4 days. X-ray powder diffraction was then used to
verify and analyse the crystal stuctures as will be described in paragraph 2.4.

Due to the strong evaporation of Sb, all attempts failed to grow a RNiSh
single crystal by the Czochralski method, as the latter technique requires
to maintain the hot phase for a long time while slowly pulling the tungsten
needle with the crystalline seed. As a second method, the Bridgman tech-
nique [66] was tried without success, becanse antimony strongly attacked the
employed tantalum crucible. The affinity of the RE element to oxXygen pre-
vented the use of standard alumina (Al,03) and the choice of elements for
the crucibles was further limited as Ni is quite close to many metals, which
might easily lead to an alloy of the crucible element with the sample.
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Figure 2.4: Sketch of the cold crucible at the Laboratoire de Magnétisme
Louis Néel in Grenoble [27]

The RNiSb compounds formed with a light rare earth element erystallize
in the hexagonal ZrBeSi structure (SG: P63/mme, No. 194) with an ordered
c-axis, which is a superstructure of the disordered AlB; cell, whereas the
ones with a heavy rare earth element crystallize in the face-centered cubic
MgAgAs structure (SG: Fd3m, No. 216) (figure 2.5). GdNiSb occurs in two
allotropic forms. These cubic ternary compounds belong to the family of
semi-Heusler phases with formula XYZ, where X and Y are a transition or
rare earth metal and Z is one sp element, most frequently Sn or Sh. This
face-centred lattice structure is deduced from the true Heusler phases X;YZ
by removing one out of two X atoms, leaving a vacant site. This vacant site
leads to less overlap between the wave functions, thus to narrower bands,
and promotes the formation of gaps in the density-of-states spectrum. These
narrow gaps are actually observed in the cubic RNiSb compounds (see figures
4.9, 6.10 and 6.11) and are responsible for many physical effects discussed
later. In another way, the structure may be described by starting with a
cubic RSh phase (NaCl-type) by inserting one Ni atom in one over two of
the tetrahedral voids [67]. The compounds are stabilised through covalent
bondings after transfering s electrons from the R and Ni metals to the Z
element, favouring the sp® hybridisation around Sb [25]. Except for CeNiSh,
where configuration interactions may be significant, the RE configuration is
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Figure 2.5: Crystal structures of the RNiSb compounds. The ones with a
light rare earth element crystailize in the hexagonal ZrBeSi structure (SG:
P63/mmc), which is a superstructure of the A1B; cell. The heavy rare earth
compounds form the face-centered centered cubic MgAgAs structure (SG:
F43m). The figure is taken from [41]

trivalent, in agreement with the magnetic properties, and it leads to a total
number of 18 valence electrons, which is the most stable configuration in
these compounds [25].

The (semi-) single crystals GdCu and GdCus, which are comparatively
easy to grow (in comparison to the other employed compounds of the present
work ), were obtained in Katowice by a Czochralski method. At room tem-
perature, GACu is stable in the cubic CsCl (SG: Pm3m, no. 211, a=3.502A )
and in the othorombic FeB phase (SG: Pnma, no. 62) of which the high
temperature phase (CsCl) should dominate in the bulk since the sample has
been cooled down from the melt. GdCu, crystallises in an orthorhombic
structure (SG: Imma, no. 74) with the lattice parameters a = 4.320(5)A,
b =6.858(5)A and ¢ = 7.330(5)A [68].

2.4 X-ray and neutron diffraction

Powder diffraction is a well established technique to analyse crystalline solid
materials, reviewed e.g. in [69, 70, 71]. Tt allows to characterize the ex-
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act structural arrangement and the microstructure (lattice microstrain and
domain size) of any crystalline material. The diffraction pattern is like a
fingerprint in the sense that no two componds give rise to exactly identical
diagrams, thus being an effective method of phase identification. Further-
more, this technique is quite straightforward and does not require single
crystals, which are often not available or difficult to grow.

All diffraction experiments are based on Bragg’s law, which writes in the
angle dispersive (or constant wavelength) mode as

Ao = 2d, sin g, (2.1)

where Ay describes the wavelength of the incident monochromatic X-ray or
neutron beam, f, the diffraction angle and d, is the spacing of the crystal
planes specified by the Miller indices g = (hk{). In the case of neutrons, the
wave-particle duality equation of de Broglie A = Eh; is employed to relate the
neutron velocity to their wavelength.

The intensity of a specific diffraction line ¢ = (hkl) is given by the ex-
pression:

3 :
fq = (I(éj\r:s) I\rRI\"G%LpIFhMF (2.2_)
where [y describes the intensity of the incident bearn; A is the wavelength of
the radiation source; [, specifies the height of the detector slit; r gives the
sample to detector distance, A'g and Ay are constants for a given sample and
set of experimental conditions; j, describes the multiplicity for the refiection
g and V. measures the volume of the unit cell. The factor L, combines
the Lorentz and polarisation factors for the diffractometer geometry; in the
case of a non polarized monochromatic beam it is equal to: L, = (1 +
cos?20,)/(sin* §, cosf,); for neutrons it reduces to the Lorentz factor L, =

1/(sin 26 sin 8)

Fip 1s the structure factor for the reflection (hkl) which relates to the
intensity of the atomic arrangement in the unit cell according to

it— sin?
unit—cell (“BJ sin? 8, .
Ji€

L = Z ¥ )e(zmﬁi) (2.3)

i=1

where x; are the fractional coordinates of the atom j in the cell and B; gives
the Debye Waller displacement factor for an atom (in A). For X-rays, f; is
the atomic scattering factor for the atom j. In the neutron case, f; is the
coherent scattering length which depends on the isotope but does not vary
with the scattering angle.
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The neutron is composed of one up and two down quarks with charges
of % and w%. Although the total charge of the neutrons is zero, the internal
structure leads to an electric charge distribution, which in turn causes a
magnetic moment, a spin and an electric polarizability of the neutron. Thus,
a scattered neutron interacts with the nucleus as well as with the magnetic
distribution of the electronic cloud and the cross sections for the neutron-
nuclear and neutron-electron interaction are of the same order of magnitude.
Therefore, neutron diffraction is a powerful technique to analyse the magnetic
structure of magnetic crystals and to determine directly the distribution,
direction and magnitude of the magnetic moments. The diffraction theory
for neutrons is similar to X-ray diffraction, except for the vector character
of the magnetisation. In the expression of the intensity 7, (equation 2.2) an
additional term (¢*} expresses the angle between the scattering vector i and
the moment fi. Inelastic neutron diffraction will be treated in chapter 5.2
devoted to the crystalline electric field.

The experimental powder diffraction pattern can then be analysed by
peak search, and whole pattern fitting in order to determine the crystal struc-
ture. Provided that some information about the structure is approximately
known, the Rietveld refinement technique is a very powerful procedure to
analyse in detail the structure of the sample. The Rietveld algorithm fits
the observed diffraction pattern using as variables the structural parameters
of the sample material (cell constants, atomic and displacement parameters)
and the instrumental characteristics (resolution curve of the diffractometer).

X-ray powder diffraction measurements were undertaken using Cu K,
radiation (A = 1.54178 A) on all RNiSh samples followed by a simulation
and refinement procedure, as shown for example for DyNiSh in figure 2.6.
The structural purity without any parasite phases has been confirmed and
the crystallographic data were determined, summarized in table 2.2 together
with the data deduced from neutron diffraction experiments in section 3.4.2.
Only (odd,odd,odd) or (even,even,even) reflections are present, in line with
the cubic MgAgAs structure formed by interpenetrating fcc lattices. The
lattice parameters vary smoothly with the atomic number showing the well
known Lanthanide contraction within this element series caused by the in-
creasing proton charge and influenced by various screening effects. Due to
the thermal expansion between helium and room temperature, the measured
values are smaller for the neutron than for the X-ray diffraction, and the
parameters found agree with earlier data [41]. The presence the ZrBeSi-type
phase in the light rare earth compounds is confirmed by the presence of the
(011) and (013) superstructure reflections caused by the doubling of the ¢
parameter (figure 3.7) thus ruling out the disordered AIB2 phase which was
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Figure 2.6: X-ray powder diffraction pattern of DyNiSh

first assumed [35].

As the Y atom has a similar size as Th, Dy or Ho together with a cor-
responding outer electron configuration, Y compounds possess often very
similar physical properties as the corresponding Th-, Dy-, Ho-, compounds,
and it can be anticipated that these compounds have a similar electronic
band structure.

The diffraction patterns are principally similar between the X-ray and the
neutron diffraction measurements, taken in the paramagnetic temperature
range; below the magnetic ordering temperature, additional magnetic peaks
grow in the neutron diffraction pattern allowing to obtain further information
about the magnetic structure. Since the neutron intensities are more accurate
than those obtained by X-rays, the diffraction spectra will be discussed in
detail in the neutron diffraction chapter 3.4.2.
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lattice parameter lattice parameter

Compound X-rays (300 K) neutrons (10K) | structure space

a (&) ¢ (A) a (A) ¢ (A) type group
YNiSh 6.247(2) MgAgAs Fi3m
LaNiSb 4.42(1) 8.39(2) ZrBeSi P63 /mme
CeNiSb | 4.395(1)  8.258(4) | 4.376(3) 8.192(3) | ZtBeSi  Py/mme
PrNiSb 4.34(8) 8.11(8) ZrBeSi P63 /mme
NdNiSb | 4.380(5)  7.98(2) | 4.364(2) 7.951(3) | ZtBeSi Py /mme
GdNiSb 4.3(8) 7(1) ZrBeSi P6s/mme
GdNiSb 6.263(2) MgAgAs F43m
ThNiSh | 6.332(1) 6.280(3) MgAgAs Fi3m
DyNiSb 6.305(1) 6.280(4) MgAgAs Fd3m
HoNiSh 6.285(1) 6.246(3) MgAgAs TF4d3m
ErNiSbh 6.263(2) MgAgAs F43m
YbNiSh | 6.2263(8) MgAgAs Fd3m
LuNiSh 6.2065(5) MgAgAs F43m

Table 2.2: Lattice constants of the hexagonal and cubic RNiSh compounds as
deduced from X-ray powder diffraction and elastic neutron diffraction. The
numbers in parentheses indicate the standard deviations in the place values
of the last listed positions.



Chapter 3

Magnetic properties

3.1 Introduction

The magnetic properties have always been in the focus of research of rare
earths and their componnds, motivated by the unique properties arising from
the strong magnetic moments of the internal 4f shell. Further, they influence
several other physical properties through the various coupling mechanisms. A
large amount of reviews has been devoted to the theoretical and experimental
aspects of magnetism in RE compounds, [10, 72, 73, 74] and the magnetic
properties of many related ternary rare earth compounds were investigated
with the means of magnetisation, susceptibility measurements [39, 75, 76} as
well as with neutron diffraction [54, 77, 78).

As the theoretical aspects of magnetism are well established [74, 79, 80]
the following section recalls only shortly those aspects and equations to which
is referred while analysing and interpreting the experimental data. Some fur-
ther information can be found in the chapters about rare earth compounds 2.2
and neutron diffraction/scattering sections 2.4 and 3.2.

3.2 Theory

In the paramagnetic state, the magnetic moment g of an atom or free ion is

given by .
f:f——— —gJ/.LBJ (31)

where J = §+L is the total angular momentum, pg = ;—i the Bohr magneton
and the gyromagnetic factor g; is specified for a free atom by the Landé

25
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equation
J(J+ 1)+ 55 +1)~ L(L+1)
2J(J+1)

In a magnetic field (or more exactly magnetic induction) B = pgH, a free
atom with a total angular momentum J has 2J + 1 equally spaced energy
levels, leading to a magnetisation M(B,T'), dependent on the magnetic field
B and the temperature T

gr=1+ (3.2)

JB
- giup

kT (33)

M(B,T) = gsupJBs(z)
where By is the Brillouin function [80]. In the limit of z < i, By can be
developed and equation 3.3 rewrites for the susceptibility y = %{ as

C
X=m7 (3.4)

. . Nudu?
with the molar Curie constant €' = —5rt where

fierr = 9o/ J(J + Vg (3.5)

is the paramagnetic free ion moment; the maximal moment in the ordered
(e.g. ferromagnetic or antiferromagnetic) phase is given by fimee = g7J 5.

In a dense array of magnetic atoms, an applied external magnetic field B,
causes a finite magnetisation M which in turn provokes a finite molecular (or
exchange) field By ~ AM. Thus, B = po(H + M) and the relation for the
magnetisation is given by M = y,(B, + AM) where x, is the paramagnetic
susceptibility, which finally leads to the Curie-Weiss law

Cﬁ

where 8, = AC' is the paramagnetic Curie Weiss temperature, which in the
molecular field approximation is identical with the ferromagnetic Curie tem-
perature 7.

3.3 Experimental

The magnetization of these ternary compounds was measured in magnetic
fields up to 8 Tesla in the temperature range between 1.5 and 300K by an
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Figure 3.1: Sketch of the D1B two axis diffractometer at the Institut Laue
Langevin. The figure is reproduced from [82].

extraction method [81]. The corresponding susceptibility was then extracted
from the slope of each isotherm.

Elastic neutron diffraction measurements were performed at the Instifut
Lane Langewin (ILL) in Grenoble at the D1B two-axis powder diffractome-
ter using thermal neutrons with a wavelength of A = 2.522 A (figure 3.1).
The diffracted neutrons were then collected by an *He/Xe position-sensitive
detector composed of a system of multi-electrodes with 400 cells which span
an angular range of 80°. In order to minimize oxidation, the samples were
crushed directly before the measurement and then held in a cryostat for tem-
peratures down to 1.2 in a cylindrical vanadium container of 4 mm to 6
mm diameter and 3 mm in the case of DyNiSh in order to reduce absorption
of the neutrons by the Dy nuclei. The powder diffraction data were analyzed
by the Rietveld refinement technique using the program Fullprof [83].
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3.4 Results

3.4.1 Magnetisation and susceptibility

The magnetization was measured for all these RNiSh ternary compounds
(R=Y, La, Ce, Pr, Nd, Gd, Th, Dy, Ho, Er, Yb, Lu) by an extraction
method in magnetic fields up to 8 Tesla in the temperature range between
1.5 and 300 K. For example the magnetisation curves are shown for the fer-
romagnetic NdNiSb in figure 3.2 and for the antiferromagnetic ThNiSh in
figure 3.3. All RNiSb compounds with a partly filled 4f shell show a Curie-
Weiss behaviour (equation 3.6) at high enough temperatures, as proved by
more or less straight lines in the inverse susceptibility graphs, given in the
figures 3.4 and 3.5 and discussed in the following. Some magnetic properties
derived from these magnetisation and susceptibility experiments are sum-
marized in table 3.1 at the end of this paragraph, together with the values
obtained by elastic neutron diffraction data.

The inverse susceptibility of CeNiSh shows a deviation from the Curie-
Weiss law below 30K due to crystal field effects. At 3K the susceptibility
diverges indicating an onset of the ferromagnetic magnetization with a rather
weak spontaneous magnetization of 0.3up and a large superposed suscepti-
bility. The latter may result either from a strong anisotropy which leads
to a high saturation field, or from a second antiferromagnetic or modulated
compounent. The latter hypothesis is confirmed by elastic neutron scattering
experiments presented in the following paragraph 3.4.2.

In PrNiSh the inverse susceptibility shows a Curie-Weiss behaviour above
40 X5 while extrapolated toward very low temperatures, the value of 1 /x does
not drop to zero, but tends to a constant value as visualised in the inset of
figure 3.4. Since Pr has an even number of electrons (Jp, = 4), it is a non-
Kramers ion, non-degenerated levels can exist in absence of a magnetic field
and PrNiSb has most probably a non-magnetic ground state. Thus, PrNiSh
does probably not order magnetically.

The inverse susceptibility of NdNiSb is linear above 50K, showing an
ideal Curie-Weiss behaviour in the paramagnetic temperature range. Arrott
- Belov plots display the onset of a spontaneous magnetization near 23K
which reaches a value of 0.8up at 1.5K. As typical for a ferromagnetic ma-
terial, the low field susceptibility curve has a sharp peak around the Curie
temperature with its maximum at 26 K close to the Curie point Ty obtained
from resistivity measurements. As for CeNiSh, the magnetization curves
show a large superposed susceptibility.
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Figure 3.4: Temperature dependence of the inverse magnetic susceptibility

of CeNiSb, PrNiSh and NdNiSbh

The inverse susceptibility curves of ThNiSh, DyNiSh, HoNiSb and ErNiSh
show Curie-Weiss behaviour down to at least 10 1< as given in figure 3.5. For
TbNiSh, the slope changes near 5.5, indicating the onset of the antiferro-
magnetic ordering in complete agreement with the values found by resistiv-
ity measurements. Similarly, the susceptibility curve of DyNiSh has a small
maximum at 3.5 K, indicating again that the Néel temperature can be situ-
ated in that region. No clear ordering point could be defined for HoNiSh and
ErNiSb on the basis of the present magnetisation measurements as the Ty
value lies at the end of the investigated temperature range. However, neu-
tron diffraction data indicate a Néel temperature around 2.5 K for HoNisb

and even lower for ExNiSh.

The values of p.y; derived from susceptibility experiments, are less accu-
rate, but extracted from fitting the whole temperature range and are thus
not affected by the saturation problem. They lead to experimental effective
moments ¢ which are found to be slightly larger than the theoretical value
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Figure 3.5: Temperature dependence of the inverse magnetic susceptibility of
TbNiSh (circle), DyNiSb (diamond), HoNiSb (square) and ErNiSb (triangle)

tress = gin/J(J + 1) for a free R®* jon, probably caused by the influence from
Ni which gives an additional Pauli-like susceptibility.

Caused by the vanishing moments of the empty or filled 4f subshell, the
magnetic properties differ substantially for the paramagnets YNiSh, LaNiSh
and LuNiSbh. LaNiSbh is a Pauali-paramagnet with a small Pauli susceptibility
of about 2.4 % 107" m?®/mole roughly constant with the temperature. This
order of magnitude is typical for a Pauli paramagnet, close to that found in
TiNiSb [25] and agrees with the value of 1.8 = 107%m?/mol measured previ-
ously [41]. Similarly, YNiSh is also a paramagnet with a small susceptibility
increasing from 2+ 107 m? /mol at low temperatures to 11+ 1077 m3/mol at
300K - which is still not understood - whereas LulNiSh exhibits a value of
around 1.3 * 107 m?®/mol for its constant paramagnetism.
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Magnetic Properties of RNiSb

Compound Tg, Ty Oy Frexp per,  Propagat. M(1.5K) type of

(K) (KY  {up) (mB) vector (kg) magnetism®
YNiSb CP
LaNiSb PP
CeNiSb 3.5 27 29 254 (0,0,0) 7 CW, F4+Mod
+(0,0,8) °

PrNiSb - 0.7 38 3.58 - - CW

NdNiSh 23 13 37 36 (0,0,0) 237(9) CW,F
||(0001)

ThNiSh 5.5 -17 9.7 97 (3,33  5.62(6) CW,AT
i(110)°

DyNiSb 3.5 9.8 109 1064 (},1,5) 6.13(27) CW,AF
1(100)°

HoNiSb 2.5 -108 107 1061 (4,5,%)  452(8) CW,AF
l1(110)

ErNiSh =2 6.8 96 958 (3,14 [|(100)> CW,AF

LuNiSh CcpP

@ CP = Constant paramagnet, P> = Pauli-paramagnet,

¢ CW = Curie-Weiss paramagnet, AF' = Antiferromagnetic component,
¢ I = Ferromagnetic component, Mod = Modulated magnetic moment,
b Gee discussion in the text

Table 3.1: Magnetic properties of RNiSh

3.4.2 Elastic neutron diffraction

A more detailed analysis of the magnetic stuctures was performed by the
means of elastic neutron diffraction in combination with a Rietveld refine-
ment method on five of these RNiShb compounds, on CeNiSh, NdNiSh, Th-
NiSh, DyNiSb and HoNiSh, which will be discussed sample by sample in the
following. The results of the refinements at the lowest temperature are given
in table 3.1

CeNiSb The neutron diffraction pattern confirm the occurence of the
7rBeSi-type crystallographic structure, with lattice parameters already given
and discussed in table 2.2 on page 24. As CeNiSh is far more reactive than all
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other examined compounds, crushing the sample is sufficient to oxidize the
powder slightly, even if the sample is prepared directly before the experiment,
regardless whether it is crushed at air or under alcohol. Thus, the diffrac-
tion patterns of both samples contain, in addition to the CeNiSb reflections,
spurious peaks corresponding to CeO and also to & small amount of CeSh.
Because of the weak intensity expected for the magnetic peaks, at least six
hours were spent to collect the intensities above and below the ordering tem-
perature, leading nevertheless to diffraction patterns which look identical at
first glance. However, very slight modifications related to the magnetic order
are observed in the difference plot between two patterns taken at 1.3 and
15 K (figure 3.6), in which the maximum change in intensity is less than one
hundredth of the most intense nuclear reflection; the measurements on both
samples gave the same qualitative results,

The first peaks, corresponding to the (002) and (004) nuclear reflections,
are slightly shifted towards larger angles at the lower temperature (1.3K),
while contrarily the peaks originating from the (110} and (112) ones are
shifted towards lower angles, as visible in the difference plot (1.3—15 K) given
in figure 3.6. This observation can be explained by magnetostrictive effects,
where the lattice parameter ¢ becomes larger and the parameter ¢ smaller
below the magnetic ordering point. The direct analysis of the lattice pa-
rameters at each temperature with the Rietveld refirement is not accurate
enough to give a reliable value of the magnetostriction, possibly because the
hexagonal symmetry may not be exactly preserved in the ordered state.

Several reflections of magnetic origin can be identified in the difference
plot (1.3—15K), one of them corresponds to a faint enhancement of the
(010) nuclear reflection being related to a ferromagnetic componens. Indeed,
the magnetisation measurements have revealed a ferromagnetic component
reaching a value of about 0.3 upB at 1.5 K. Since no magnetic signal seems to
appear on the (002) nuclear reflection, the ferromagnetic component should
be aligned along the ¢ axis of the cell. However, due to the statistical error
bars and the possible change in the nuclear structure factors, it is not possible
to get a reliable estimate of the ferromagnetic component,

Other reflections appear for angles corresponding to a non-commensurate
or long wavelength modulated magnetic structure. Particularly, an intense
low angle reflection appears at 20 = 4.6° representing the satellite of the
origin and the satellite peaks embedding the (002) and (012) reflections cor-
responding to a propagation vector G = (0,0,0, ). Hence, these reflections
show that the zero-field magnetic structure of CeNiSh is not purely ferromag-
netic, as assumed before on the basis of magnetization data [37], but pos-
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Figure 3.6: Difference neutron diffraction patterns (1.3 - 15K) for two
CeNiSh samples, showing magnetic reflections, including the (100) one (pos-
sibly of ferromagnetic origin), and the thermal shift of the nuclear reflections.
(The intensity scale has been shifted for the second sample for clarification.

sesses an additional modulated moment. Similary, an amplitude-modulated
structure has previously been ohserved in the isomorphous compound Nd-
PdSh [76] below Ty, but with a different propagation vector. Moreover, the
peculiar properties of CePdSh [48] may be related to the appearance of a
modulated component above 10 K.

NdNiSb In addition to NdNiSh, this sample contains small amounts of
the cubic Nd;Oa phase, responsible for at least three weak lines, which were
not taken into account in the refinement process, as they do not interfere
much with the reflections of the main phase. In agreement with X-ray pow-
der diffraction data (chapter 2.4), the neutron diffraction patterns, taken
in the paramagnetic range (above 26 K), confirm the hexagonal ZrBeSi-type
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crystal structure of NdNiSb which is an ordered superstructure of the AlB,-
type phase. For instance, the presence of the (011) and (013) superstructure
reflections confirm the doubling of the ¢ parameter, compared to the disor-
dered AlB,; phase (nuclear R, factor = 7.4%). Here, the atomic positions
are Jocated at [84]: Nd in (2a) (0,0,0), Niin (2¢) (3,£,1) and Sb in (2d)
(3,2, %) A slightly different structure involving the P63/mc space group has
been observed in the hexagonal phase of HoPdSb [85], where, at variance to
the P63/mmec space group, the atomic positions have a free z parameter. A
refinement of this structure leads then to a significant improvement of the
R, factor (5.9%), provoking only a slight shift of the Nd atomic position to

(0,0, 0.021 +0.0014).

NdNiSh 1.5K
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Figure 3.7: Elastic neutron diffraction pattern of NdNiSh at 1.5 together
with the Rietveld refinement of the nuclear and ferromagnetic reflections.
The (002) reflection is entirely nuclear, the (010) one almost entirely mag-

netlc,

Below the Curie temperature (To=23 I}, additional magnetic intensities
appear for angles corresponding to the nuclear reflections (figure 3.7), giving
a propagation vector () = (0,0,0); for instance, the intensity of the (010)
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reflection is nearly entirely of magnetic origin. Comnversely, since no extra
intensity appears for the (002) or (004} reflections, the magnetic moments
are therefore oriented parallel to the ¢ crystal axis. The Rietveld refinement
of the magnetic structure reveals that the moments are located on the two
Nd atoms in the cell and are oriented parallel to each other, creating so a
ferromagnetic structure with a magnetic moment p = 2.37 £ 0.09u:p .

TbNiSb, DyNiSb, HoNoSb In addition to the main cubic RNiSh phase,
weak reflections are sometimes observed corresponding to NiSb (5.G. P63
/mmc) and probably to some allotropic form of rare earth oxides; as the
attribution of these lines is not certain, they were not taken into account
in the refinement process. The refinement of the nuclear structure of all
three compounds leads to a good agreement factor {(R,, = 5% - 7%) with the
cubic semi-Heusler structure (MgAgAs-type, SG: F43m ), without any ad-
justable occupancy parameter locating the atomic positions at R= (0,0,0),
Sb= (%,%,1) and Ni= (},1,5). No appreciable distortion of the cell was
detected from the difference patterns taken below and above the Neéel tem-
perature.

In addition to the nuclear peaks, the low temperature patterns of all
these three compounds exhibit magnetic lines which can be indexed using
a propagation vector Q = (1,1,1) belonging to a simple antiferromagnetic
ordering with the magnetic moments situated on the RE atoms.

The presence of an additional short range magnetic order is indicated by
the observed significant broadening at the basis of maguetic lines, e.g. the
(1, %,%) one, which can be decomposed into a gaussian line with a width
close to the one of the nuclear reflections, and into a lorentzian line contain-
ing about 10% of the peak intensity at 1.5 K. The latter lorentzian contri-
bution possesses a much larger width of HWHM = 0.84° corresponding in
direct space to about 27 times the lattice parameter. The intensity and the
width of the lorentzian line increase with temperature, the HWHM reaches
its maximum of 3.6° at 8 I{ (just above the Néel temperature). The deduced
correlation length is about 6 times the lattice parameter at Ty and subse-
quently decreasing at higher temperatures. This effect can be attributed to
short range order in the paramagnetic state which is still present at 3 T'y; in

the antiferromagnetic range, it may also correspond to some stacking faults.

Figure 3.8 shows the data for ThNiSb at 1.5 K, together with a Rietveld
refinement fit of the nuclear reflections (assuming a gaussian shape) and the
magnetic reflections (using a pseudo-Voigt lineshape). From the refinement,
the magnetic moments are oriented perpendicular to the propagation vector
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Figure 3.8: Elastic neutron diffraction pattern of ThNiSh at 1.5 K together
with the Rietveld refinement of the nuclear and antiferromagnetic reflections.

Cj for TbNiSb and HoNiSb (the magnetic R, factors are 5% for Th and 5.5%
for Ho respectively). Most probably the moments are directed along a binary
(1,-1,0) axis, provided the structure is a simple colinear one. The ratios of
intensities between different magnetic reflections for TbNiSbh do not change
between 1.5 and 4.5K, only the magnitude of the moment decreases. The
same structure has been observed in the cubic phases of HoPdSh and DyPdsh
[85]. Contrarily, in DyNiSh, the magnetic moments are not orthogonal to C?,
they may be directed - assuming a colinear structure - either along a (1,0,0)
quaternary axis, or at a corresponding angle relative to @ direction as will be
discussed later (the R, factor is only 17% due to the necessary absorption
corrections). The results of the refinements at the lowest temperature are
given in table 3.1.
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3.5 Discussion

CeNiSh has a complex magnetic structure built from a weak ferromagnetic
component and a modulated one. Magnetisation and susceptibility measure-
ments show a weak ferromagnetic magnetization at 1.5K together with a
large superposed susceptibility which is, according to the results of neutron
diffraction, mainly due to the evolution of the modulated magnetic compo-
nent. CeNiSh exhibits, in analogy with the binary CeSb compound, a mag-
netostrictive behaviour which occurs below the ordering point [86], probably
related to Kondo-like properties [36, 37, 43]. The Kondo effect has an impor-
tant influence in CeNiSb, as found by resistivity measurements (chapter 4.4)
and proved by inelastic neutron scattering (chapter 5.5).

NdNiSbh is a simple ferromagnet with moments along the ¢ axis reaching
2.37 ug at 1.5K, a value smaller than the one for the free ion (3.27 pug).
Magnetization measurements on polycrystalline samples have shown only a
weak spontaneous magnetization of about 0.8 up at 1.5I, which rises quite
rapidly up to 1.8 up under 8 Tesla. Hence, the lack of saturation in low
fields must then be ascribed to the polycrystalline samples and to a quite
large uniaxial magnetocrystalline anisotropy.

From the results of transport measurements (chapter 4.4), both Ce and
Nd compounds are probably semimetals with a weak density of states at the
Fermi level, possessing thus a small wavevector kp at the Fermi level which
may in this case favour the observed ferromagnetic {or modultated) order.
Ruderman-I{ittel interactions in these metallic samples give rise to much
higher interactions than superexchange processes which occur in heavy rave
earth semiconducting compounds.

PrNiSb in turn remains paramagnetic over the whole temperature range,
due to the non magnetic ground state, provoked by its special crystalline
electric field level configuration as will be analysed later (figure 5.7 in chap-
ter 5.4).

The cubic RNiSh compounds containing a heavy rare earth element, Th,
Dy, Ho or Er, order antiferromagnetically at low temperatures with the same
propagation vector @ = (1,2,%). These compounds are semiconductors
where superexchange interactions should be dominant. Thus, interactions
are likely of short range type, dominated by nearest neighbour interactions.
Negative interactions will then favour the observed commensurate antiferro-

magnetic ordering.
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According to the magnetic intensities, the angle between moments and
the propagation vector is different in Th and Ho on the one hand, and Dy
and Er on the other hand. If the structures are simply colinear antiferromag-
netic ones -that is if there are no multiaxial structures- , the most probable
high symmetry directions for the moments are (110) for Th and Ho, {100) for
Dy and Er respectively. In a similar way, the easy axis direction changes for
example between ThZn and HoZn compounds on the one hand, DyZn and
ErZn on the other hand [87]. These directions are ruled by the crystalline
electric field (CEL), which tends to align the moments at low temperature
along one of the high symmetry axes of the cubic structure, depending on
the signs of the fourth and sixth order CEF parameters. In fact, these mag-
netisation results are in complete agreement with the directions calculated
on the basis of the CEF, which in turn explains the origin for this magnetic
behavior as will be discussed in detail in connection with inelastic neutron
scattering (chapter 5.5).

However, although a colinear structure is probable in these heavy RNiSh
compounds, non-colinear magnetic structures sometimes occur in cubic com-
pounds {88]; they cannot be evidenced or ruled out by a simple powder
diffraction experiment or by magnetisation measurements on polycrystals,
The absence of any visible magnetostriction prevents to distinguish the real
symmetry of the magnetically ordered phase.

It is worth comparing these results with magnetic structures obtained on
RSb binary pnictides [86] from which the heavy RNiSh compounds may be
deduced by inserting one Ni atom in one over two of the tetrahedral voids
(67]. One remarkable aspect is that, for both heavy rare earth series, the
compounds are semiconductors and the magnetic structures have the same
propagation vector. This indicates that the Ni atoms play thus the role of
rather neutral insertion atoms in this structure, especially since they do not
carry a magnetic moment, which is entirely located on the rare earth atom.
Moreover, the Ni influences the relative weight between the fourth and sixth
order CEF terms provoking a rotation of the magnetic moments as analysed
later (chapter 5.5). While in RNiSb the 6th order CEF term dominates, the
forth order one plays the dominant role in RSh, resulting in a threefold axis
for HoSh, and a fourfold one for ThSh and DySb with a large tetragonal
magnetostriction occuring in DySb [88, 86].

For all compounds, the same value of the Néel temperature is found by
magnetisation, neutron and resistivity measurements. But the magnitudes
of the ordered magnetic moments obtained by elastic neutron scattering at
1.3~1.5K are in all cases smaller than the free ion values (at 0 K) (see ta-
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ble 3.1. This may arise mainly from the fact that ordering points are quite
low and that the measurements in the ordered range were performed only
down to 1.3 or 1.5 K, which is not enough to reach the saturation magneti-
zation - except for NdNiSb. Nevertheless, it may again indicate that CEF
effects play an important role in these compounds. Moreover, the Ce mo-
ments are further reduced by the Kondo effect and the modulation of the
magnetic structure.

3.6 Conclusion

The compounds in the RNiSbh series exhibit a large variety of diflerent mag-
netic properties, ranging from pure ferromagnets (NdNiSbh), ferromagnets
with an additional modulated magnetic moment (CeNiSh), over antiferro-
magnets (Tb-, Dy-, Ho-, ErNiSb) with different magnetisation directions, to
compounds with a non magnetic groundstate (PrNiSh) which remain thus
paramagnetic in the whole temperature range. The compounds at the be-
ginning and end of this series (Y-, La-, LuNiSb) are Pauli- or constant para-
magnets due to their empty or filled 4f shell. The magnetic moments were
found to be located entirely on the rare earth atoms, making the Ni atoms a
rather neutral insert into the crystallographic structure, not affecting most
of the magnetic properties. In the scope of this analysis, magnetisation, sus-
ceptibility and neutron diffraction measurements give complementary infor-
mation for characterizing the magnetic behaviour and are helping to identify
the magnetic coupling mechanisms. In CeNiSb and NdNiSh, the coupling
should take place via comparatively large indirect RKKY interactions in-
volving conduction electrons. The small wavevector kp at the Fermi level in
these probably semimetallic compounds favours then the observed ferromag-
netic or modulated magnetic order. As opposed to this, the semiconducting
character favours in the heavy rare earth compounds superexchange inter-
actions, which are likely to be of short range, dominated by the nearest
neighbour interactions. Negative interactions will then favour the observed
commensurate antiferromagnetic ordering.

The special magnetic behaviour within this compound series originates
from the unbalanced electrons in the partly filled 4f subshell, described in
section 2.2 and measured directly with photoemission techniques (chapter 6).
These localized magnetic 4f moments, embedded in the crystal structure,
give then rise to a large variety of properties and physical effects of the rare
earth compound, strongly controlled by the crystalline electric field levels
(chapter 5). The latter are responsible for deviations from the simple laws,
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control the direction of the moments, may provoke a reduction of the free ion
value and can cause - in special configurations - the annilation of the ground
state magnetic moment.



Chapter 4

Transport properties

4.1 Introduction

The study of the resistivity allows to obtain much information about the elec-
tronic structure close to the Fermi level, i.e. the shape of the density of states
and the occurrence of energy gaps giving rise to semiconducting behaviour
[89, 90]. Resistivity measurements allow to study variations of the magnetic
and crystallographic structures, i.e. ordering points and phase transforma-
tions since the scattering of the charge carriers changes in these regions. The
magnetic scattering is directly related to the spin disorder, the magnetic en-
tropy; its derivative resembles the magnetic contribution to the specific heat.
The effects of heavy fermions, the Kondo behaviour, the Schottky anoma-
lies as well as the population of crystal field levels may directly be observed
on the shape of the resistivity curve. As in anisotropic materials, e.g. non-
cubic monocrystals, the electronic scattering depends on the direction of the
external electric and magnetic field, resistivity and magnetoresistance mea-
surements allow to study the anisotropy effects and preferential directions.
Since the scattering of conduction electrons may be separated in several dif-
ferent processes, an identification of these allows to understand much about
the exact structure, energy levels and states of the investigated compounds.
However, despite of the variety of information available, the analysis of the
resistivity is not always easy and straightforward due to the complexity and
since often many processes are involved simultaneously.

Due to the richness of information available, transport properties were
often studied in rare earth compounds, reviewed e.g. in [91]. Of particular
interest is the behaviour of narrow gap semiconductors as they are in the

43
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region of a metal-insulator transition. A number of magnetic semiconduc-
tors has been discovered in ternary 3d compounds having the semi Heusler
structure [25]. A large magnetoresistance often appears in narrow gap semi-
conductors having an internal magnetic shell. It has for example been found
in some rare earth ionic compounds [92, 93, 94, 95, 96, 97, 98] as well as in
Mn perovskites [99, 100]. In 3d metal semi-Heusler compounds, the mag-
netic moment disappears when the semiconducting phase is reached and in
general only a rather weak negative magnetoresistance is observed. On the
other hand, rare earth magnetic semiconductors like RNiSh (R = Th, Dy,
Ho) remain paramagnetic down to low ternperatures. In contrast to the 3d
magnetism, the magnetic moment of the 4f shell is localized and some of
these compounds may show a giant negative magnetoresistance.

4.2 Theory

4.2.1 Metals

The electrical current density 7 *cr E is described in the most general case by
the product of the clectric field £ with the conductivity tensor & (B,T) =
1/ #(B,T) . In cubic compounds, the tensor is reduced to a simple scalar
value p describing the isotropic resistivity.

In the absence of external magnetic fields, the total resistivity pre (1} of
magnetic metals is expressed in dependence of the measuring temperature 7
by the extended Matthiessen’s rule

Ptot(T) = po -+ PPh(T) + Pm(BvT) (41}

provided that mean free path between two scattering events is large in com-
parison to the interatomic distance.

po is the temperature independent residual resistivity due to impurities
and crystal lattice defects. At 0 Kelvin all other terms vanish for an ordered
magnetic lattice and py may directly be determined by extrapolating the
experimental resistivity curve.

ppi(T") describes the scattering of the conduction electrons with the lattice
phonons, which is at higher temperatures usually the main part of the total
resistivity. Starting from the Bloch theory, Griineisen has derived the phonon
contribution pya(T’) to the electrical resistivity for a metal [101, 102|

poalT) = 4 %) n / - s (42
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where A is a constant characteristic of the metal, 8p the Debye temperature
and the exponent n is 5 in the Griineisen theory for simple metals. In tran-
sition metal compounds, n is generally found between 3 and 4 due to the
shape of the Fermi surface.

In the presence of an internal magnetic shell or an applied external mag-
netic field B, Matthiesen’s rule is extended by the term p.,,(B,T), which de-
scribes the scattering of the conduction electrons by the magnetic moments.
It is directly related to the spin disorder, the magnetic entropy; its derivative
resembles the magnetic contribution to the specific heat. A more detailed
analysis of p,,(B,T) is given later in section 4.2.3. Generally, p,,(B,T) in-
creases with temperature up to the magnetic ordering point Te, Tnv and
remains constant or is slowly increasing at higher temperatures in the para-
magnetic temperature range. Thus, this behaviour is represented by a clear
drop of the resistivity below the ordering temperature, allowing the exact
determination of the magnetic ordering point. This extended Matthiesen’s
rule is exact as long as the different scattering processes are independent and
when the relaxation time is isotropic. These assumptions are a good approx-
imation in our systems since the mean free path is large in comparison to
the interatomic distance.

4.2.2 Semiconductors

Intrinsic conduction In ideal semiconductors the conductivity is con-
sidered proportional to the number of thermally activated charge carriers,
lifted from their localized states across the gap towards the conduction band.
Hence, this intrinsic conduction o, = 1/p;, can be described by

E

pin = po T 7% 757 (4.3)

where E, is the energy width of the band gap around the Fermi level assuming
a constant mobility of the charge carriers (figure 4.1).

Mixed conduction However, in a real semiconductor, there is often an
additional extrinsic conduction present, caused by impurities and defects,
which form additional impurity levels or bands within the gap (figure 4.2).
This extrinsic conduction is proportional to the number of ionised donor
and acceptor states, Assuming that - as far as conduction processes are
concerned - the electrons in different bands do not interact with each other,
it is possible to express this mixed conduction ¢, by the sum of the intrinsic
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Figure 4.1: Intrinsic energy gap

&

™~

Figure 4.2: Impurity states within the gap

and extrinsic conduction {103].

Tmiz = Z i = Gin + Tex + ... (44)

Hopping conduction When the distance between localized states near
the Fermi level, i.e. the impurity levels, is slightly larger than the (impurity)
Bohr radius so that their wave functions overlap, the charge carriers can
"hop’ from one localized state to another by a quantum-mechanical tunnelling
process leading to hopping conduction [104, 105]. At low temperatures, the
variable-range hopping (VRH) is expected to dominate and can be expressed
in three dimensions by

OVvRE = Ae[”(%)m} (4.5)

where T} is the Mott characteristic temperature; the prefactor A depends on
the interactions between the electrons {figure 4.3).

Localization of charge carriers A localization of the one-electron wave
function may occur in certain random fields, if the random component is
large enough, as it was first shown by Anderson [106] (Anderson localiza-
tion). Some wave functions are likely to become trapped in the deeper po-
tential wells below a critical energy, the mobility edge E,, [107] (figure 4.4},
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-

Figure 4.3: Hopping conduction, variable range hopping (VRH)

and their states become localized. Due to random scattering, some charge
carriers may migrate under the influence of a magnetic field on a closed path,
so that they no longer contribute to the conductivity, leading to a positive
magnetoresistance. Since the Anderson localization is related to the impuri-
ties and random defects, the contribution to the resistivity can be described
by a Mott law as in the case of for an extrinsic semiconductor.

4.2.3 Magnetoresistance

The magnetoresistance (MR) is the change in resistivity p(B)|r under a
magnetic field (B), usually normalized by the resistivity in the absence of
an external magnetic field:

(B) = p(B =0T
p(B =0T}

If a huge variation is observed, like in heavy rare earth RNiSh compounds,
this magnetoresistance is usually called 'giant magnetoresistance’ (GMR).
‘More generally, the magnetoresistance is described by the variations of the
diagonal elements in the resistivity tensor P (B, T) in the basic conduction
equation 4.1. Many different processes may contribute to the MR effect,
which either increase (positive MR) or reduce (negative MR) the resistivity.
As opposed to the resistivity, the MR can be anisotropic in cubic materials.
Moreover, in the case of an anisotropy, we can distinguish longitudinal MR
(T'|| B) and transversal MR (I’ L B). In the following, the longitudinal MR
is studied in order to minimize the cyclotron contribution, which is larger for
the transverse configuration.

MR=" (4.6)

Cyclotron effect Under the influence of a magnetic field , the charge
carriers arte exposed to the Lorentz-Force, F' = ¢¥ x B. which causes a
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precession of the electrons with the Larmor frequency w, = qf} around the
direction of the applied electric field. As this increases the total length of the
path, more collisions take place and thereby increase the resistivity, hence a
positive magnetoresistance. This cyclotron effect becomes in general more
pronounced when the magnetic field is applied perpendicular to (transversal
MR) than along (longitudinal MR) the direction of the electric current.

Magnetic disorder scattering The scattering of the conduction electrons
by the magnetic moments is directly related to the spin disorder, the magnetic
entropy. Thus, as under the influence of a magnetic field the magnetic order
increases for a paramagnet, this leads to a reduced magnetic resistivity, to
negative magnetoresistance. De Gennes and Friedel [108) have shown that
the magnetic resistivity p,, is mainly related to the spin correlation function
(Si S5} by

P(B,T) = peoS(S +1) = (S: Si)im,m)] (4.7)

where S is the total spin.

For a paramagnetic compound, the magnetoresistance may be related in
weak magnetic fields to the square of the magnetisation M

2
%fi ~—C (%) —_AM? (4.8)

where My is the magnetization of the local (4f) moment at 0K, and the
coefficient C characterizes the intensity of the MR.

Supposing that the Fermi surface is little disturbed by the magnetic or-
der, p,, decreases in the ordered temperature range of a magnetic compound
like the square of its spontaneous magnetization M?(T") and remains con-
stant above the ordering temperature T since the correlations between the
spins \5;, .5; vanish in the paramagnetic temperature range according to the
molecular field approximation.

In the case of rare earth compounds, the magnetic resistivity does not
stay constant but tends towards po, ~ (g; — 1)2J(J + 1) increasing with
temperature since the crystal field lifts the degeneracy of the 4f ievels (see
chapter 5.2). The resistivity in the paramagnetic temperature range depends
on the number of occupied crystal field levels and on the diffusion probability
from one state to another. Generally, the applied field has a weak direct effect
on the conduction electrons in rare earth compounds. Tt acts through the
polarisation of the 4f shell and the 4f-5d coupling.
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Reduction of the band gap; Mobility edge A further magnetoresis-
tance mechanism is dirvectly related to the band splitting around the Fermi
level. As the valence electrons are polarized by the aligned magnetic moments
of the rare earth 4f-shell, the density of states is split into two subbands, with
the spins parallel and antiparallel to the 4f moments. These bands move into
different directions under the influence of an external magnetic field caus-
ing, in the case of a magnetic semiconductor, a shift of the Fermi energy
towards the mobility edge and thus the reduction of the localisation energy
Eary — Ep, for instance of spin up carriers (figure 4.4). For this reason, more
charge carriers will be mobile, thereby reducing the resistivity (negative mag-
netoresistance). This may have a large effect, depending on the importance
of the states around the mobility edge for the conduction process. In the
case where the mobility edge would cross the Fermi level, a transition to a
metallic state is expected (Anderson transition).

A

E .
conduction
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Figure 4.4: Energy scheme of the polarized semiconductor

4.3 Experimental

The resistivity and magnetoresistance measurements were performed at the
Laboratoire de Magnétisme Louis Néel, CNRS, in Grenoble with the mag-
netoresistance apparatus described in [109]. The experimental principle is
based on the well known Ohm’s law for the resistance R = % or for the resis-
tivity p = %74 where {/ is the tension, I the current, ! the distance between
the measuring points and A the area through which the current passes.
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The samples used were first cut by spark erosion into long bars, then mea-
sured in the temperature range from 1.5 to 300K using alternating current
with a frequency of 80 Iz and a lock-in amplifier. In the case of the mag-
netoresistance, a uniform external magnetic field up to & Tesla was applied
along the direction of the current through the sample.

4.4 Resistivity in metals
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Figure 4.5: Llectrical resistivity of La-, Ce- , Pr- and NdNiSbh in the temper-
ature range between 1.5 to 300 K

Within the RNiSh (R=La,...,Lu) series, the transport properties vary
strongly between compounds containing light and heavy rare earth elements,
which may firstly be related to the change in the crystallographic structure.

The compounds containing a light rare earth element {La, Ce, Pr, Nd)
are metallic (figure 4.5), their resistivity increases with temperature reaching
at 3001C a value of 315 p Ohmem for LaNiSbh, 400 u Ohm cm for CeNiSh,
480 p Ohm em for PrNiSh and 220 p Ohm em for NdNiSh., The residual re-
sistivity for the investigated samples remains at 22 x4 Ohm cm for LaNiSh,
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Figure 4.6: Electrical resistivity of CeNiSb in the temperature range from
1.5 to 300K with an inset at lower temperatures. The magnetic ordering
point at 3.5K is clearly visible as well as the plateau between 5 and 12K,
attributed to the influence of the Kondo effect, which will be proven later by
inelastic neutron scattering.

70 1 Qhmem for PrNiSh and 10 g Ohmem for NANiSh respectively. For
CeNiSh the resistivity has at 2K a value of 30 pOhmem with a quickly
falling tendency in the magnetically ordered phase. These values of the
residual resistivity indicate a good quality of the samples since the residual
resistivity is mainly a measure of the disorder attributed to impurities and
lattice defects. Conversely, the rather high value at room temperature proba-
bly indicates a rather low density of states at the Fermi level, also supported
by X-ray photoelectron spectroscopy measurements discussed in chapter 6.5.

Since La has an unoccupied 4f shell without 4f magnetic moments, no spin
disorder scattering contributes to the resistivity in the paramagnetic LaNiSh.
Therefore, the resistivity curve represents - apart from pp - the phonon con-
tribution. The experimental measurements are in very good agreement with
calculated curves using the Griineisen approach (equation 4.2), giving a De-
bye temperature fp of roughly 207 K with n = 3 for LaNiSh. As phonons
should be comparable between compounds with a different rare earth ele-
ment but with a similar crystal structure, one may subtract the resistivity
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of LaNiSh from the resistivity curves of those compounds with a light rare
earth element in order to obtain the pure magnetic scattering contribution
for that magnetic compound. However, the validity of this subtraction is
questionable, as for instance the resistivity curves of LaNiSh and NdNiSh
cross near 120 K.

The resistivity of NdNiSh steadily increases from 2 to 300 K, the sudden
change of the slope near 23K is related to the magnetic ordering point, and
a negative curvature at higher temperatures is likely to be attributed to the
population of excited crystal field levels.

As found in chapter 3.5 and 5.4, PrNiSb does not order magnetically
down to 2K, the resistivity curve does not show any sharp anomaly, it only
reveals changes in curvature near 10 and 40 I, which again can be attributed
to excited crystal field levels.

The resistivity of CeNiSh increases from 30 uOhmem at 2K to 400
t Ohm em at 300 K. The rapid drop below about 3.5K is due to a reduction
of the spin disorder scattering when the magnetic ordering appears. Then a
plateau is reached between 5 and 12 K, often observed in Kondo-compounds,
suggesting that some Kondo like hehaviour is present in CeNiSh. Another
proof that this feature is attributed to a strong influence of the Kondo effect
will be given later with the help of the crystal electric field determined by
inelastic neutron scattering (chapter 5.5). Above this region, the resistivity
rises constantly with increasing temperature caused by crystal field effects
and phonon contributions. It should be noted that our resistivity values
are much smaller than those found in CeNiShog by Menon et al. [37, 38].
Furthermore, earlier measurements by Skolozdra et al. [42] show a different
temperature dependence.

The reason for this different shape is not very clear to us, it might be
caused by a preferential orientation and strong anisotropy in these sam-
ples. As known from uniaxial compounds like CeSi, [110] and CeRuSi,,
the anisotropy can strongly affect the behaviour of the resistivity of Kondo
systems. However, some constant features appear between these data; a large
drop at the ordering point, which varies, according to different authors, be-
tween 3.5 and 7K and a large increase in resistivity between 20 and 50 K. The
discrepancies in the magnitude may come from different stoichiometries of
the samples. For example, Menon et al. have performed their measurements
on CeNiSbpg and they have noted that their measurements were sample de-
pendent [37, 38]. Furthermore, the possible presence of cracks and bubbles
induced during growth is caused by the high vapour pressure of Sh. These
geometrical defects may lead to a much higher value of the resistivity, without
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affecting the results obtained by susceptibility or specific heat measurements.

Summarizing, these light rare earth compounds have a metallic behaviour
and show important crystal field effects; the latter are investigated in detail
by inelastic neutron scattering presented in chapter 5.

4.5 Resistivity in magnetic semiconductors

4.5.1 Results

In contrast to the light rare earth RNiSb compounds, those containing a
heavy rare earth element are semiconductors having a small energy gap at
the Fermi level.

Different samples were grown and their electrical fransport properties
were found to be very sensitive to the exact crystal stoichiometry, which 1s
quite normal for ternary compounds with a vacancy in their crystal structure.
This feature enabled to study the different conduction mechanisms occurring
in these compounds, as these different mechanisms depend predominantly
on the number and density of donor and acceptor levels in the particular
sample. Since the magnetic, photoemission and diffraction measurements
are not so sensitive to tiny variations in the number of defects in the crys-
tal structure, no difference between different samples of the same compound
could be detected in those measurements which are presented in the chapters
2.4, 3 and 6. Figure 4.7 shows the resistivity curves for some Th-, Dy-, Ho-
and LuNiSh samples. The resistivity ranges up to 8800 p Ohmem for Lu-
NiSh, 11000 yt Ohm cm for DyNiSb, 65000 g Ohm e for ThNiSb, and 200000
it Ohm em for HoNiSbh. In the range between 150 and 30015, the resistivity
drops with increasing temperature for all these compounds as expected for a
semiconductor. Here, only in the HoNiSb and LuNiSh sample, the resistivity
falls continuously with temperature over the whole temperature range indi-
cating a high quality of the sample. In these ThNiSh and DyNiSh samples,
the resistivity first increases with temperature, reaches a maximum at 150 I
for ThNiSh and at 70K for DyNiSb and falls again at higher temperatures
as expected for a semiconductor. The resistivity for another - the most in-
trinsic - THNiSh sample is shown in figure 4.8 in a linear scale, where the
resistivity drops exponentially from a maximum of 700000 g Ohmcm over
the whole temperature range, indicating a high quality of that sample. Note
that at 3 and 5.5 K the resistivity law changes clearly resulting from a change
in the direction of the magnetic moments and then from the appearance of
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Figure 4.7: Electrical resistivity of some Th-, Dy- , Ho- and LuNiSh samples
in the temperature range between 1.5 to 300 K

a long range order at the Néel temperature, as will be determined by the
crystal field analysis (chapter 5.5). The magnetic ordering points, extracted
from our resistivity measurements, are in good agreement with magnetiza-
tion and neutron scattering data, also for the other investigated compounds,
as tabulated in table 3.1 on page 33.

YNiSbh shows a resistivity rising with temperature, but the value of the
resistivity is with 2000 p Ohm e quite large for a metal; we suppose that it
may be a semimetal. Dhar et al. [39] have reported a kind of semiconducting



4.5. RESISTIVITY IN MAGNETIC SEMICONDUCTORS 55

700000 T T
. 700000 — . .
TbNiSb
L E 670000
600000 o -
L 2 4
= 640000} .
=
= 4
— I 610000 T
£ 500000 L -
L] L i
G L 580000 L— . 4
= i 2 4 6 8 10
= L temperature (K) ]
S 400000 [ -
= I .
@
3] i .
o s 4
300000 | .
200000 —
PR SEE SET SR N TR TN UK TR DAY T ST T S N ST SR T JU NN S T T N S N S S 1

0 50 100 150 200 250 300
temperature (K)

Figure 4.8: Electrical resistivity of ThNiSh, shown is here a sample with a
very low extrinsic conduction. At low temperatures, the resistivity changes
its slope due to variations in the magnetic scattering, explained on the basis
of the crystal electric field, outlined in section 5.5

behaviour for LuNiSh although the absolute value of the resistivity with a
maximum of 1900 g Ohmem at 2K is not large. Our measurements confirm
a semiconducting behaviour with a resistivity reaching 8800 pOhmem at
2. At variance, a semi-metallic behaviour has been found for YbNiSh [39]
with a resistivity of Re. = 3600 Ohm em at 300 K.

4.5.2 Discussion

For an ideal semiconductor, the resistivity is at higher temperatures clearly
dominated by the exponential term in equation (4.3): p = po * cap(Eyap
/(2kpT)). Plotting In(p) over 1/T one can obtain from the resistivity curves
the width of an energy gap at the Fermi level, being equal to 18 meV for
ThNiSh, 24 meV for DyNiSh and 61 meV for HoNiSh. The fits were per-
formed at higher temperatures between 250 and 300K, in order to minimize
the influence by hopping or impurity conduction which may dominate at low
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temperatures; the values of the energy gap were found to be nearly constant
between different samples of the same compound. Hence, although some
other processes can rule the low temperature regime, at higher temperatures
the thermal activation of charge carriers clearly dominates the conduction
process, giving directly the magnitude of an energy gap around the Fermi
level.

Assuming an ideal, impurity and defect free crystal structure, the elec-
tronic density of states was calculated for these samples, shown in figure 4.9
as described in chapter 6.3. They reveal a band gap at the Fermi level of
0.141, 0.185, 0.220 and 0.196eV for ThNiSh, DyNiSh, HoNiSb and LuNiSh
respectively, corresponding to activation energies of 1400 to 2200 K. These
values are much larger than the experimentally determined ones and the re-
sistivity, calculated with such bands gaps, would be much larger since only
a small number of carriers could be thermally lifted to the conduction band
according to the Boltzmann distribution. The experimental energy gap is
indeed the energy difference hetween donor/acceptor levels (impurity states)
situated within the true gap of an ideal semiconductor and the conduction
or valence band respectively.

At low temperatures, impurity levels close to the Fermi-level play the
crucial role. Depending on the number and density of these states, they
either form an impurity band or quantum mechanical tunnelling ("hopping’)
between the localized states leads to the conduction process.

In the first case, like in THbNiSbh and DyNiSh in figure 4.7, the initial
growth of the resistivity at low temperatures looks like the one for a doped
semiconductor in its extrinsic or impurity range, where the wrong stoichiome-
try, crystal defects, occupation of wrong sites lead to some amount of ionized
donor or acceptor levels. The most frequent defects may be antiphase bound-
aries between domains corresponding to an inversion of the rare earth and
Sh, as well as the wrong location of Ni on a vacant site. This is quite normal
for ternary compounds with a vacant site, resulting in a metallic like contri-
bution to the resistivity. This extrinsic, impurity conduction may dominate
in the low temperature region where the intrinsic conduction is simall, while
at higher temperatures the number of thermally excited carriers increases
exponentiafly, causing that the semiconductor like behaviour dominates the
conduction process, although the intrinsic regime is probably not reached.
Assuming that, as far as the conduction processes are concerned, the elec-
trons of different bands do not interact with each other, the conductivity o,
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Figure 4.9: Calculated total electronic density of states of ThNiSb, DyNiSD,
HoNiSbh and LuNiSb for both spin directions (top and bottom curves) [111].
All these semiconductors reveal a narrow energy gap at the Fermi level as
specified in the text.
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is additive and may be analyzed by using an approach of mixed conduction

§ _4 b
Otot = Oget + Oimp = a1 7T 4 s (4.9)

(T'+¢)?

Here, the first term characterizes the activation part, extracted from equa-
tion 4.3, where some charge carriers from impurity levels are thermally ac-
tivated into a conduction band. The second term in equation 4.9 represents
approximately the metallic conductivity at low temperatures. This metallic
resistivity can be caused by a sufficiently high number of defects and im-
purities which then leads to the formation of an impurity band, to which
the Fermi edge is pinned. A similar result would occur when - through the
polarization of the 4f moments - former localized 'spin up’ and ’spin down’
levels are decoupled in such a way that the Fermi edge for the ’spin up’ side
approaches or increases above the mobility edge.
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Figure 4.10: Fitting of the conductivity ¢ = % of TbNiSh and DyNiSh over
the whole temperature range according to equation 4.9, assuming a model of
combined activated and impurity band conduction. See the text for details.
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The good agreement of the fits, shown in figure 4.10, indicates that this
approach characterizes well the processes in these semiconducting samples,
containing a high number of donor/acceptor states and impurity levels within
the gap. The number and density of these states is highly sample dependent
and can be described by the fitting parameters b and ¢, in particular by
the prefactor b. The prefactor a of the activation term also varies with the
number of impurity states present, since from these levels the charge carri-
ers are thermally activated into the conduction band. However, while the
extrinsic term largely depends on the particular sample being investigated,
the parameter d, describing the energy gap between impurity levels and the
valence/conduction band, remains basically unaffected by the number of im-
purities present in different samples of the same compound. This indicates
that physical properties other than the electrical conductivity may not be
so sensitive to the exact density of impurity states, especially since only a
small fraction of the total number of electrons contributes to the conduction
process in these highly resistive compounds. Further, it shows that the same
kind of defects exists in various compounds. However, tiny variations in the
number of defects have an enormous effect on the electrical resistivity, since
the involved states are situated exactly in that regime, which is close to the
transition between weakly localized states and the heginning of conduction
in an impurity band

A quite different situation occurs in the second case, which is found in
those samples with a low number of donor/acceptor centres, where the Fermi
level lies below the mobility edge, i.e. HoNiSb in figure 4.7 and TbNiSh in
figure 4.8. The mean distance of their impurity states, situated within the
energy gap, is sufficiently larger than the Bohr-radius so that the formation
of a band cannot take place and the states remain localized. However, their
wave functions still overlap and the charge carriers can jump in a quantum
mechanical tunnelling process from one localized state to another, leading to
the so called hopping conduction (figure 4.3). This is particularly important
at low temperatures, while at higher temperatures the activated conduction
hides this weak hopping effect. So, the conduction ¢, in these samples may

be described by an approach PURRT
P E

_Ea 3
Ttot — Tget G_ZkBT + o] (6_%&>? + Jo (410)

where the first two terms describe the activated conduction and the hopping
conduction in the variable hopping range (VRH) respectively. oy is the resid-
ual conductivity, meaning that our samples are always on the conducting side
of the metal insulator diagram. Using this approach, the conductivity curves
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have been fitted over the whole temperature range as shown in figure 4.11.
The good agreement of the experimental data with the theoretical model
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Figure 4.11: Conductivity o = 1/p of TbNiSb and HoNiSh. The experimen-
tal curves (open circles) are fitted according to equation 4.10 in the whole
temperature range {dashed line) as well as at high and low temperatures
(solid lines) for higher accuracy.

suggests that this approach is applicable to the present situation.

In the fits, all prefactors o,y, o7 as well as g were found to be larger for
HoNiSh than for ThNiSbh, scaling as the total conductivity. However, despite
the quite different conductivities, the characteristic Mott temperature T} is
found to be almost the same for both samples, 20 K for TbNiSh and 25K
for HoNiSb, leading to the conclusion that the hopping mechanism is of the
same sort in both samples and probably also in the other heavy rare earth
compounds, provided a very low number of impurities and defects.

Preliminary thermopower experiments have been performed at room tem-
perature for 5 compounds; all show a negative Seebeck coefficient §, ranging
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from —15 to —48 % The sign and magnitude are typical for electron-doped
semiconductors.

Summarizing, the donor/acceptor states below the Fermi level rule the
conduction processes which were identified and successfully deconvoluted by
a theoretical model. It explains the experimentally determined width of
the band gap, and the resistivity curves can successfully be simulated us-
ing this approach in samples containing a high as well as a low density of
donor/acceptor states within the intrinsic band gap.

4.6 Giant magnetoresistance

The light rare earth RNiSb compounds reveal only a medium magnetoresis- -
tance reaching a maximum of AJTR = —~13% at 2K under 5 Tesla for CeNiSh,
% — _18% at 22K under 4 Tesla for NdNiSb, attributed to spin disorder
scattering, and a small positive magnetoresistance with a maximum of +7
% at 21K and 5 Tesla for PrNiSb. They show almost no magnetoresistance
at high temperatures. In contrast, LaNiSb reveals a large positive magneto-
resistance of % = +20% under 6.4 Tesla. This large value may be related

to a semi-metallic state, the prototype of which is bismuth [112].

On the other side, the semiconducting compounds with the heavy rare
earth metals reveal a larger negative magnetoresistance al low temperatures
usually called ‘giant magnetoresistance’ (figures 4.12 and 4.13). At 2K and
under 5 Tesla it reaches values of up to QRE = —31% for ThNiSh, —32% for
DyNiSh, and —27% for HoNiSb under 4 Tesla; under 8 Tesla, the magne-
toresistance of ThNiSb reaches —50%. Conversely, the magnetoresistance of
LuNiSh, which has a closed 4f shell, is weak and positive with -+1.5% under
8 Tesla.

Two main origins may give rise to high negative magnetoresistance ef-
fects in semiconductors: The reduction in spin disorder scattering due to
the alignment of moments under a field, and the reduction of the gap (or
the localisation energy) arising from the splitting of the up- and down-spin
subbands.

While applying an external magnetic field, the polarization of the 4f shell
causes through the JS4; * s coupling with the valence electrons a polarization
of the electrons around the Fermi-level. The energy bands for spin up and
spin down move in different directions and thereby decrease the width of
the energy gap at the Fermi-level, leading to a decreased electrical resistivity
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Figure 4.12: Magnetoresistance of ThNiSh
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due to a higher number of thermally activated charge carriers. The variation
of their mobility may also play a role. However, due to the large width of
the gap of around 1400 to 2200K the magnetic field has a negligible direct
effect on the intriasic gap of the semiconductor, or even on the activation
energy of donor and acceptor centres. This is proved by the weak positive
magnetoresistance in LuNiSh where no magnetic 4f shell is present, showing
that the contribution to the narrowing of the gap is negligible. Hence, the
negative magnetoresistance in these magnetic RE compounds arises predom-
inantly from the reduction of spin disorder scattering, where the disorder
scattering potential is reduced, thereby increasing the carrier mobility and
the mean {ree path. This situation can be compared with some rare earth
semiconducting oxides [93, 94] where the impurity bands within the large
instrinsic energy gap shift under the influence of an external magnetic field
in such a way that these bands are crossing, reducing the effective energy
gap provoking thus a large negative magnetoresistance.

The magnetoresistance has been found to be more intense in those sam-
ples with a low density of charge carriers showing a more intrinsic behaviour,
while those samples with a higher number of impurity levels reveal a less
pronounced MR-effect. This has been explained recently [113] by the com-
putation of the relaxation rate for a low density gas where kra < 1 (a is
the lattice constant). The relaxation rate is related to the variation of the
correlation length £ and to the suppression of the magnetic fluctuations by
an applied magnetic field. Then, it can be shown that the MR-coefficient
¢~ A;% for kp€ > 1 [113] (see also equation 4.8} is highly dependent on
the carrier density. Hence, lower densities of carriers (small k) contributing
to the conduction process can greatly enhance the MR without involving an
insulator-metal transition in agreement with our measurements. The factor
Ais about 2%107% ;i ;* in the purest samples, the normalized coefficient C is
about 1, much lower than in Mn perovskites or pyrochlores (about 10). Our
compounds are in the magnetic impurity regime [114] having localized and
disordered magnetic moments without hybridization with current carriers.

According to De Gennes and Friedel [108] the spin disorder contribution
(equation 4.7) is linked to the correlation function between spins, or more
simply to the square of the the magnetization. While neglecting crystal field
effects, the magnetization M(B,T) is given in the paramagnetic range by:

Moy B J
kp(T —0,)

where By is the Brillouin function, B the magnetic field and 8, the paramag-
netic Curie-Weiss temperature. The experimental curves p(B) at a constant

M(B,T)= M, By [ (4.11)
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temperature can be fitted to the theoretical formulae 4.7 and 4.11, showing
that this model of spin disorder scattering characterizes well the magne-
toresistance processes in these compounds. For example, the fit of DyNiSh,
shown in figure 4.14, gives a moment of 8.3 up for Dy, slightly lower than the
value obtained by susceptibility measurements and the theoretical one for a
free Dy ion. This slight reduction may be justified by crystal field effects
below 40 K. The value of 8, = —15 K obtained from this fit is close to that
deduced. from susceptibility. At low temperatures, the resistivity of HoNiSh
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Figure 4.14: Magnetoresistance of DyNiSh, experimental curves (dots), and
theoretical fit according to equation 4.7 and 4.11 {full curves)

first increases slightly when a magnetic field in applied, reaching a maximum
of % = +10% at 0.5 T before the resistivity decreases again in a stronger
magnetic field giving a large negative magnetoresistance of -27 % at 4 T. Be-
sides the negative contribution of the magnetoresistance, many origins can
explain the initial positive magnetoresistance. This initial increase may be
explained by several processes: Firstly, it may be related to a metamagnetic
process below Ty, but this explanation does not hold in the paramagnetic
range. Secondly, it may be due to a cyclotron effect where electrons precess
around in the magnetic field thereby increasing the resistivity; but this con-
tribution should dominate at high magnetic fields. Further, a localisation of
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charge carriers may take place where, due to random scattering, electrons
migrate on a closed path in the applied magnetic field, remain weakly local-
ized and increase the resistivity. This may be significant in this case as this
HoNiSb sample is more intrinsic than some of the investigated compounds.
Another possible explanation might lie in the band structure: It is possible
that a shift of some impurity energy levels may occur when a small exter-
nal magnetic field is applied, modifying then the number of carriers as well
as their mobility. This explanation has been invoked to explain the initial
positive magnetoresistance of EuSe {97]. In addition, the anisotropy of the
magnetoresistance due to the electric quadrupole moment of the rare earth
may also play a role.

4.7 Conclusion

The investigation of the electrical transport properties allowed to gain de-
tailed insight into the electronic structure and the states in the region around
the Fermi level and allowed, in connection with the extensive use of theoret-
ical models, to identify the complex mechanisms ruling the conduction and
the giant magnetoresistance.

The light rare earth compounds show a metallic behaviour with a low
density of states at the Fermi level in agreement with the results obtained
by X-ray photoemission measurements. This behaviour might arise from a
semimetallic band structure as observed in several other semi Heusler com-
pounds. Moreover the results show important crystal field effects and suggest
a Ikondo influence for CeNiSb as will be proved later by inelastic neutron
diffraction.

On the other hand, a transition towards narrow gap semiconductors oc-
curs in the heavy rare earth RNiSb compounds, principally due to the trans-
formation in the crystal structure, explained in section 2.3. Several theo-
retical models were employed to simulate the conduction regimes in samples
with different numbers of impurity states, which finally allowed, in combi-
nation with important information provided by band structure calculations,
to separate and identify the complex overlapping conduction processes. In
this way, the conduction mechanism in these narrow gap semiconductors was
identified to be ruled by the donor and acceptor levels within the energy gap,
inducing a conduction process either within a narrow impurity band or by
hopping conduction between localized states. As the resistivity is very sensi-
tive 1n this regime, this method can be employed as a very sensitive technique
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to determine the number and density of impurities, donor and acceptor levels
in these or similar kinds of compounds.

A giant negative magnetoresistance effect was discovered, reaching a value
of -50% under 8 Tesla in the heavy rare earth compounds provoked by the
special properties of the internal magnetic 4f shell, which are analysed in
the chapters 3 and 6. By studying and employing theoretical models, the
GMR. mechanisms was identified to be governed by the reduction of the
spin disorder scattering, which is opposite to the situation of some rare earth
oxides where the GMR mechanism is dominated by the shift and the crossing
of some impurity bands. However, in both cases, the GMR takes place
involving impurity bands and the intensity/amplitude of the MR was found
to depend on the number of available charge carriers.







Chapter 5

Crystalline Electric Field

5.1 Introduction

When a magnetic ion forms part of a crystal lattice, the energetic degeneracy
of its spin-orbit levels is lifted by interactions with the surrounding electro-
static field - called erystalline electric field (CEF) or more simply crystal
field -, due to neighbouring atoms, ligands and conduction electrons. As
in rare earth compounds the full 5s and 5p shells screen these interactions,
the crystal field can generally be considered as a small perturbation of the
free ion 4f levels, in contrast to the case of 3d metals with a less localized
magnetic shell. Hence, the crystalline electric field effects can be treated as
a perturbation on the appropriate free-ion wave function. The CEF energy
levels can then be calculated by finding the perturbing Hamiltonian oper-
ator and its matrix elements as known from standard perturbation theory.
The theory of crystal fields originates from the work of Bethe in 1929 and a
number of review articles have appeared which deal with the description of
the crystal fields in rare rarth systems e.g. [115, 116]. The CEF is the origin
of several physical properties such as magnetocrystalline anisotropy, magne-
tostriction and is thus of major importance for applications e.g. permanent
magnets or perpendicular recording. Most often the crystal field parameters
are determined with the help of inelastic neutron scattering [48, 51, 117].

69
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5.2 Theory

On the basis of a simple point charge ionic model, the perturbating Hamil-
tonian operator

Hepr = —le| Y _ V() (5.1)

can be calculated by a summation over all magnetic electrons 7 whereas the
potential V" is developed in spherical harmonics Y,(#, ¢) V(|r|) = D m Yim
rY™ (8, ¢).

The matrix elements of the CEF Hamiltonian between the states of a

given multiplet can be obtained by direct integration [118] where the free ion
wave functions are expanded into products of single electron wave functions:

/ O (ri, 0, i) 1V (1, 04y ) @ (2, 8, 5) dFE (5.2)

As the radial part is the same for all 4f electrons and is furthermore never
accurately known, it is often taken as a parameter [119):

{r"y = /[R,;f(?"i)}zr?rzd?" . (5.3)

Stevens [120] has developed an operator equivalent method, which enables
to calculate in a much more simple manner the matrix elements of the crys-
talline potential between coupled wave functions specified by one particular
value of angular momentum J. By introducing new operators J,, J_, J,, J
the former summation of polynomes depending on z;, i, 2 or ry6;, ; is
transformed into a set of new functions O™(J, J,, J;, J_), called operator
equivalents, which possess exactly the same symmetry properties. The exact
convention for this transformation is given in e.g. [115]. For instance, in the
simple case of the second order, 3z* — r? is transformed to 3J2 — J(J + 1)
where the operator J corresponds to the total angular momentum [121].

This finally leads to the Hamiltonian operator describing the energy of
the crystalline electric field

?'{-CEF = Z A21<Tn>9n0?(‘]7 Jza J+1 J*J = Z B;'TO?(‘]) Jz; J+? J—) (54)

mn mn

where the reduced matrix elements #,,, called Stevens coefficients, are usually
labelled as oy, 35 and s for terms of the second, fourth and sixth degree
respectively. The crystal field parameters A™(r") are sometimes contracted
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with the Stevens coefficients in order to obtain a shorter notation B =
A (r™)0,; many particular functions as well as the corresponding Stevens
coeflicients are tabulated in [115].

The group theory has a great importance on the crystal electric field anal-
ysis, especially because it can eliminate some of the possible terms depending
on the point group symmetry and on the finite value of the orbital angular
momentum of the individual magnetic electrons. So, only operators up to
the sixth degree need to be considered for terms composed of f-electron wave
functions, while for 3d-metals ionic configurations and C'e®t the terms up to
the fourth degree are sufficient.

A quite simple situation occurs in high symmetry cubic crystals, where
in the case of rare earth ions only the fourth and sixth order terms Oy =
(O +50%) and Og = (O + 505) contribute to the crystalline eleciric field.
Following the transformation of Lea, Leask, Wolf (LLW) [122]

BiFy = Wz
Bsls = W(l— |z]) (5.5)

where —1 < ¢ < 1 and Fy, F5 are factors common to all matrix elements,
the Hamiltonian rewrites as

(oA Og
i == // —_— — [ e . -
Heer Ju! ’:CE 7, + (1 rT'i)FE) (5 6)

Hence, the crystal field is fully described by two newly introduced indepen-
dent parameters, the energy scale factor W and parameter x specifying the
ratio between the fourth and sixth order crystal field term. In this way, the
energy levels, corresponding to the different irreducible representations I'; for
a specific J, can be described as a function of z and may be plotted as shown
in figure 5.1.

In lower symmetry systems, more independent parameters may he needed
to characterize the crystal field as tabulated for example in table 5.1 [123]. In
these cases, a simple two dimensional graphical representation of the crystal
field splitting is no longer possible like in cubic systems using the LLLW-
transformation. However, the exact energy levels of the crystal field can
be calculated employing the above described Stevens operator equivalent
method, and the experimental inelastic neutron scattering spectra can be
simulated by taking into account the intensities of a particular transition
[124]. The calculated and experimental spectra are then compared in order
to determine the CEF-parameters of the investigated sample. Since in some
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Figure 5.1: Splitting of the energy levels for J = £, (£r®*, Dy>F) in a cubic
crystal field [122]. The dashed arrow assigns the CEF levels for ErNiSh with
7 = 0.104 and WE" = —0.417 as determined later (table 5.3 on page 82)

and drawn in figure 5.8 on page 83.

point | symmetry | CEF-para- number of examples
group meters independent
CEF-parameters
Dasy trigonal B, BY, B2, 6 CeNiSb*,
By, Bg, BS PrNiSb, NdNiSh
T, cubic |BY, BY], 2 TbNiSh, DyNiSh,
[BL, B HoNiSh, ErNiSh
* only 3 CEI-parameters have an influence for Ce-compounds

Table 5.1: CEF-parameters of some points groups, extracted from [123]
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low symmetry systems the number of independent CEF-pararmeters may ex-
ceed the information given by inelastic neutron scattering experiments, other
known physical data must taken into account in order to resolve the unique
set of CEF-parameters.

The energy splitting of the crystal field levels lies usually in the order of a
few meV, which is in the range of thermal excitations, compared to the spin
orbit splitting situated in the range of V. As a result, the thermal population
and the transitions between the CEF levels rule many physical properties. In
this way, the magnetic susceptibility, specific heat, the magnetic contribution
to the resistivity and other physical properties can be calculated when the
set. of CEF parameters is known which characterizes a particular compound.
Some of these relations will later be analysed in the discussion.

5.3 Experimental

The most straightforward method to determine experimentally the crystal
electric field levels is to measure the energy transfer induced by inelastic
neutron scattering. Monochromatic neutrons are scattered by the magnetic
ions and thereby may induce a transition between two CEF levels jm) and
in} while loosing the corresponding energy fuv. When limiting to transitions
within a given J-multipiet and considering only small momentum transfers,
the neutron scattering cross section df;jw simnplifies for an assemblage of N
non-interacting ions to [124]

2 2 2 8

s =¥ (Gar) PO Ll (B Bumtio) (5

2me

where p, is the Boltzmann factor, J; describes the component of J perper-
dicular to the scattering vector @ £ (;5 ) represents the magnetic form factor
of the ion and k;, &y stand for the wavevectors of the incident and scattered
neutrons respectively.

These measurements were performed at the cold neutron multichopper
spectrometer IN5 at the Institute Laue Langevin (ILL) in Grenobie, France
[82], sketched in figure 5.2. Cold mono-energetic neutrons with an incident
wavelength Ay = 2.5A, Eqg = 13.2meV or My = 5.0;\, Es = 3.3meV were
scattered inelastically in order to study low-energy transfer processes as a
function of the momentum transfer at different temperatures. The resolu-
tion at full width half maximum (FWHM) was 100ueV and 900uel” at a
wavelength of 5.0A and 2.5A respectively.
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Figure 5.2: IN5 is a general purpose time of flight (TOF) spectrometer.
FFour accurately phased disk-choppers produce a mono-energetic cold neutron
beam impinging on the sample. The energy of the scattered neutrons is then
measured by time of flight, detected by the detector bank with more than
1000 individual *He detector tubes. The figure is reproduced from [82].

The spectral energy distribution of powdered RNiSh samples was de-
termined by inelastic neutron scattering, summing up only the low angle
detectors in order fo minimize the contribution by phonon scattering which
increases quadratically with the scattering angle. To extract the pure mag-
netic scattering of the investigated sample, the background scattering from
the empty sample holder was subtracted from the measured total response.

These corrected spectra were then compared with theoretical simula-
tions produced by a computer program using the Stevens operator equivalent
method [115, 120] in order to determine the crystal electric field parameters
which characterize the compounds.
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5.4 Results

5.4.1 Excited levels and crystal field in heavy rare earth
compounds

Inelastic neutron scattering measurements were performed on seven RNiSh
compounds with R={Ce,Pr,Nd,Th,Dy,Ho,Er} as well as on YqgEryNiSb,
where a small amount of the magnetic Er was diluted in paramagnetic YNi5h.
Measurements were performed at temperatures below and above the mag-
netic ordering points, as well as at a higher temperature around 80 to 100 K,
where higher crystal field levels are already thermally populated. Two dif-
ferent energies of the incident neutrons were used, Ay = 2.5A and at low
temperatures also Ay = 5.0A to take advantage of its higher energy resolu-
tion. Some of the spectra are given in the figures 5.3 to 5.5 together with
the corresponding simulations.

Figures 5.3 and 5.4 show the evolution of the ErNiSb energy transfer spec-
tra with temperature. Since at low temperatures only the ground state is
populated, only upwards transitions arising from this state may occur, yield-
ing a less complex spectrum with a minimum number of possible transitions;
for instance, ErNiSb exhibits at 4 K only two strong excitations at 7.9 and
9.3 meV (figure 5.3). The peak appearing at 2.8 meV in the 4 K spectrum is
most probably a spurious peak, as it does not appear in the (Er,Y) diluted
solution. The simulations were performed assuming a gaussian line shape;
the linewidth taken in the fits were 0.5 and 0.35 meV for the quasielastic and
inclastic lines respectively, The variation of the spectrometer resolution with
the energy was not taken into account.

In contrast, at higher temperatures, higher crystal field levels become pop-
ulated, leading to possible additional excitations of electrons originating from
these levels. This is seen as two additional energy transfer peaks at 4.9 and
6.3 meV in the ErNiSb spectrum at a temperature of 80K (figure 5.4). Fur-
thermore, at these higher temperatures, the deexcitations of electrons, which
already populate higher energy levels, become sufficiently intense, leading to
negative energy transfer peaks, possibly enabling the detection of high energy
transitions exceeding the energy of the incident neutrons.

The derived CEF parameters are listed for the heavy RNiSh compounds
in table 5.3 with the corresponding energy diagrams in figure 5.8. The low
temperature spectram obtained for HoNiSh is shown in figure 5.5 together
with the CEF fit. The crystal field parameters found for Ho and Er are
coherent. In the case of TbhNiSh (figure 5.6), the 10 K spectrum contains a low
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- ErNiSb -
4K, E=13.2 meV ﬁ ﬁ
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10 5
energy transfer (meV)

Figure 5.3: Inelastic Neutron diffraction of ErNiSh at 4 Kelvin. The com-
parison between the experimental curve (dotted line) and the theoreti-

cal simulation (straight line) enables to determine the CEF parameters:
WE = —0417K and 2% = 0.104 .

energy excitation around 1.5 meV, an intense and composite line around 5.1
meV and a possible faint excitation near 8.5 meV. Two solutions may account
for the spectra, one corresponding to W = 0.6/, = 0.38, the second to
W = 044K, & = —0.26. The second one gives crystal field parameters
consistent with those for Ho and FEr.

Due to the large incoherent scattering length and the high absorption
coeflicient of Dy o,(Dy) = 535 barns [125], only poor quality spectra with a
low signal to noise ratio could be obtained for DyNiSb, preventing a reliable
determination of the CEF-parameters for this compound. A tentative set,
coherent with the previous ones, may he W = —040 K, z = —0.25,
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- ErNiSb
- 80K, E=13.2 meV

intensity (a.u.)

energy transfer (meV)

Figure 5.4: Inelastic Neutron diffraction of ErNiSh at 80 Kelvin. The
comparison between the experimental curve (dotted line) and the theoret-

ical simulation (straight line} enables to determine the CEF parameters:
WE = —0417HK and 25" = 0.104 .
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| HoNiSb
6K, E=13.2 meV

intensity (a.u.)

10
energy transfer (meV)

Figure 5.5: Inelastic Neutron diffraction of HoNiSbh at 6 Kelvin. The
comparison between the experimental data (dotied line} and the theoret-

ical simulation (straight line} enables to determine the CEF parameters:
WHe = 0.274K and z° = 0.052 .
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TbNiSb
10K, E=13.2 meV ]

intensity (a.u.)

energy transfer (meV)

Figure 5.6: Inelastic Neutron diffraction of TbNiSb at 10 Kelvin. The com-
parison between the experimental curve (dotted line) and the theoretical sim-
ulation {straight line) leads to a possibie set of CEF parameters W = 044K
and 27 = —0.26 as used in this fit. Another possible set of parameters could
be WTt = 0.6 and 27 = 0.38.
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5.4.2 Excited levels and excitations in the ground state
for light rare earth compounds

The spectra of CeNiSh taken with an incident energy of 13.2 meV (Any =
2.5A) show an inelastic excitation located at 10.2 meV, which is also seen at
100 K in the deexcitation process. Some additional intensity also appears at
100K in the range of 5-6 meV.

T I T l ] I LI I E
i CeNiSb  PrNiSb,4K §
- E=3.3meV o 1o /N -
Ell ! -
\(P/ = -
> = -
= | -
c
@ — -
£ F .
[ L l [ I L I i I [ ]
-2 -1 0 1 2 3
energy transfer (meV)
Figure 5.7: Inelastic neutron scattering spectra with Ay = 5A (B, =

3.3meV) of CeNiSh at 1.7 K (down triangle), at 6 K (up triangle) and
of PrNiSb (circle) at 4 1<

The features at lower energies were examined with a higher energy resolu-
tion using an incident energy of 3.3 meV (Ay = 5.0A). Figure 5.7 compares
the low energy transfer region of CeNiSb and PrNiSh, showing that CeNiSh
has a broad, pronounced quasielastic peak due to transitions within the de-
generate ground state. The residual width at 6 K is 0.5 meV suggesting a
Kondo temperature of about 8 K. Indeed another contribution to the width
may arise from exchange interactions, as CeNiSh orders near 4 K with a
complex magnetic structure. The quasielastic line observed in the param-
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agnetic range transforms at 1.7K into an inelastic and dispersive magnon
branch. The present |¢| spectrum samples a part of this dispersion curve,
giving a mean density of magnon states which depends on the g-range and
the g-resolution.

PrNiSb does not reveal any quasielastic line at low temperatures (below
4K). Three upwards excitations are located at 1.9, 2.9 and 10.7 meV and
no change is observed down to 1.8 K, which means that there is no magnetic
order down to this temperature. Thus, the ground state is not magnetic,
which is confirmed by the absence of any magnetic order recorded by suscep-
tibility or resistivity measurements. The inelastic structures are broadened
at 40X and some shoulders related to the energy differences between levels
are observed. The observed data are not sufficient to solve the crystal field
level scheme.

The spectrum of NdNiSh taken at 30 K in the paramagnetic range shows,
in addition to a quasielastic line, two excitations located near 3.4 and 5.6
meV; the two corresponding downwards transitions are also present on the
deexcitation gide of the spectrum. At 100K, the 5.6 meV line is broadened,
a transition appears near 2 meV on both excitation and deexcitation sides,
which is probably a transition between the two above-mentioned excited
fevels; a fourth transition is located at about 10.5 meV on the deexcitation
side. Thus, at least four doublets are located at 0, 3.4, 5.6 and probably
10.5 meV. In the spectrum taken at 2K, the two first transitions of the 30 K
spectrum are split into four components due to the magnetic order separated
by about 2meV thus indicating a magnetic coupling strength of this order
of magnitude.

As a rough summary, the experimentally determined peak positions of
all compounds are given in table 5.2, where also the origin for the particular
fransitions is given. However, fine details are not specified here, such as
peak shapes or the development of new transitions with temperature. A
more detailed analysis of some interesting features is given in the following
discussion.

5.5 Discussion

5.5.1 Heavy rare earth compounds

In the cubic RNiShb compounds only the fourth and sixth order CEF terms
can contribute to the crystal electric field. Hence, the simulation and analysis
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Compound Peak positions in meV
ErNiSh 0.48, 4.9%, 6.3%, 7.9*, 9.3
Erg1YosNiSh | 0.48, 4.9, 6.3%, 7.9*, 9.3*
HoNiSb 0.26™, 4.8, 6.6%, (9.9), 11.8*
DyNiSbh 3.3

ThNiSh 1.5%, 2.8% 5.1*, 85*
NdNiSh 2.2%. 3.4, 5.6%, 10.5
PrNiSh 1.9%, 2.9%, (7.0), 10.7*
CeNiSh 0.57™, 6.57,10.2~

™ magnon in the ordered range

* excitations from the ground state

* excitations between excited states

Table 5.2: Measured energy transfer peak positions in the paramagnetic state
of RNiSb compounds; see the text for details.

allows to determine directly the two independent crystal electric field param-
eters, which are shown in table 5.3 following the notation of LLW [122] as

given in the equations 5.5 and 5.6.

Compound W(K) X Ayr?) (K)  As(r®) (K)

ErNiSh 0417 0.104 -16 13
Ero;YooNiSh  -0.417  0.104 16 13
HoNiSh 0.274  0.052 -7 14
DyNiSh (-0.40)  (-0.25) (-28) (-10)
TbNiSh 0.44  -0.26 -16 -38

Table 5.3: CEF-parameter for heavy RNiSb compounds

With the set of CEF parameters and some known characteristics of the
rare earth ion, the energy and wavefunction of each level can be calculated
employing the Stevens operator equivalent method. This then leads to the
energy level scheme as shown for ErNiSh in figure 5.8; the energy difference
between these levels correspond to the neutron scattering energy transfer
peaks as marked inside the graphic.

It is often useful to dilute the magnetic ion into a diamagnetic matrix
to further reduce the magnetic interactions and so to obtain clear and sharp
lines [126]. As a test, 10% of I'r was diluted in YNiSbh (Yq9Ers NiSh) leading
-as expected- to the same crystal field parameters as in ErNiSb. Since the
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Figure 5.8: CEF energy level diagram for ErNiSb, HoNiSbh and TbNiSh.
The composition of the energy levels (the irreducible representations I') is
tabulated in LLW [122]

Leavy RNiSb compounds are semiconducting with weak interactions between
the magnetic atoms, the peaks are relatively sharp and narrow; the observed
linewidths are even weaker in the diluted YqgFEry NiSh, since the magnetic
interactions are further reduced. Contrarily, the magnitude of magnetic in-
teractions is larger for TbNiSh, where broader lines are observed.

In all these RNiSb compounds the sixth order CElF parameters are strong-
er than the fourth order ones; especially in Ho- and ErNiSh, the sixth order
term is clearly dominating. As the size of the Th lon is larger than those
of Ho and Er, the electronic surrounding of Tb is slightly modified, thereby
shifting the CEF parameters in these RNiSh compounds. The relative order
of magnitude of By and Bs is opposite to the one in cubic RSh compounds,
which have a similar crystal structure, constructed by omitting the Ni atom
in cubic RNiSbh. In the RSb compounds, the fourth order term plays the
dominant role, shown as 7% = 0.904 and 2% = 0.891 or 0.78 [86]. This
shows that the electronic charges of the nickel atoms modify the surrounding
of the rare earth atoms in such a way that in RNiSb the sixth order terms
dominate over the fourth order ones in the development of the crystal electric

field.

On the basis of the known sets of CEF-parameters it is now possible
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to analyse the direction of the magnetic moments in these antiferromag-
netic structures, which were directly measured with elastic neutron diffrac-
tion (chapter 3.5). In Ho and Tb, the sixth order Stevens coefficient ~; is
negative, favouring a binary axis direction at low temperatures due to the
large and negative Ag(r®) CEF parameter. In contrast, Er and Dy have a
positive coeflicient +y;, the direction of the magnetic moments is rather ruled
by the sign of the A4{r*) parameter, supporting a (100) magnetization axis
if this parameter is negative. Calculating the magnetic moments u at low
temperatures on the basis of the determined CEF-parameters shows that
in HoNiSb and TbNiSh the magnetic moments are aligned along a binary
axis fi|(110) with |p"°(1.5K)| = 4.98up and [uT*(1.5K)| = 6.19up, while in
ErNiSb and probably also DyNiSb the moments are orientated along (100)
with [pF"(0A)] = 6.20u5 at 0K. The calculated magnetic moments do also
agree qualitatively with the elastic neutron diffraction results given earlier in
table 3.1 on page 33.

Studying the orientation of the magnetic moments with temperature en-
ables to understand more closely the origin of the macroscopic properties and
it explains some features observed with other characterisation techniques.
For TbNiSb, these CEF-calculations reveal that at very low temperatures
the magnetic moment is oriented along a binary crystal axis in agreement
with elastic neutron scattering. As the 6th order anisotropy falls more rapidly
with increasing temperature than the 4th order one, a moment rotation to-
wards a (100) axis may be expected, which should happen below the Néel
temperature. This rotation of the magnetic moments may cause some varia-
tion in the magnetic scattering of conduction electrons resulting in a devia-
tion from the ideal exponential resistivity curve of a semiconductor. A weak
anomaly is ohserved around 3K as shown in figure 5.9. Although hardly vis-
ible, it may correspond to such a rotation. Conversely, the anomaly at 5.5 K
corresponds to the Néel temperature. Below about 3K, the sample would
be antiferromagnetic with the moments directed along a binary crystal axis
(41{110)), whereas between 3K and 5.5K, the moments would be aligned
along a primary crystal axis (¢]|(100)). The two CEF solutions invoked in
the paragraph 3.1 lead to very close free energy along (001) and (110) axes,
allowing this moment rotation.

In these heavy rare earth compounds, the 4f sheli lies relatively deep and
well localized in the atom, being hence coupled more weakly with the states
at the Fermi level in comparison to the light rare earth compounds where a
strong 4f density of states approaches close to the Fermi level leading to a
stronger hybridisation between the involved atomic shells [127]. Furthermore,
the intrinsic density of charge carriers is quite low in these semiconducting
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Figure 5.9: Resistivity p and its temperature derivative j—% of of TbNiSh,
showing the changes in the magnetic ordering at about 3 and 5.5 K.

samples below room temperature, thus the conduction processes are dom-
inated by the exirinsic semiconductor conduction. For these reasons, only
weak influences of the CEF-field on the resistivity are observed in these heavy
rare earth RNiSh compounds. Nevertheless, some influence may be present
on the large magneto- resistance through the variation of the paramagnetic
susceptibility.

The case is completely different for the light rare earth compounds, which
are metallic and present a sirong density of 4f states closer to the Fermi
level. Hence a stronger coupling between the conduction and 4{ electrons
occurs, which results in an important influence of the CEF on the resistivity.
This effect will be analysed in detail for the case of CeNiSh in the following
paragraph.

5.5.2 Light rare earth compounds

In contrast to the cubic compounds, the crystal level schemes could not be
completely resolved in the hexagonal compounds, as the high energy transfer
data are not available because of the limited energy range of the cold neutron
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spectrometer. The incomplete set of data complicates the analysis for the
hexagonal compounds where 3 or 6§ CEF parameters may contribute in the
case of CeNiSh and PrNiSh / NdNiSh respectively. This requires to take
other known properties of these compounds into consideration and to calcr-
late their influence due to the CEF-scheme in order to obtain some additional
information which may be used as further side conditions to determine the
CEF level energy scheme.

For CeNiSbh, the inelastic neutron diffraction data reveal a broad quasielas-
tic peak at low temperatures (figure 5.7) indicating that the ground state is
formed by the | £1/2) level, because only this configuration has a significant
matrix element of J and J_ between the sublevels forming the ground state.
Since a weak intensity at roughly 5-6 meV appears only at high temperatures,
1t suggests that this represents a transition to the | £ 5/2) levels, which can
be excited when the | £ 3/2) level is already thermally populated. A direct
transition from a pure |+ 1/2) ground state to a pure | & 5/2) level is forbid-
den by the selection rules; in fact, it is not strictly forbidden in the present
case as the B term mixes | +£1/2) and | T5/2), but the matrix element should
be weak. Furthermore, the CEF-scheme must give the correct description of
the observed macroscopic properties, in particalar of magnetic resistivity as
is discussed in the following. Taking into account these considerations, the
simulations lead to the tentative set of CEF-parameters B) = 4.1 + 15K,
By = —0.31 £ 0.04K and B? = 0 £ 2K with a certain range of possible
solutions, due to the poor statistics of neutron scattering data. Although
the crystal field splittings are about two times smalier than those found in
CePtSh and CePdSh, the CEF parameters BY and BY keep the same sign in
all these similar compounds [51, 54].

‘On the basis of the determined CEF-parameters it is now possible to
calculate the contribution of the magnetic scattering to the total resistivity
of CeNiSh. Subtracting the resistivity of LaNiSh from that of CeNiSh, the
magnetic resistivity in CeNiSb is obtained, since the resistivity of LaNiSh
represents to a good approximation the phonon contribution, as discussed
in chapter 4.4. In order to eliminate the temperature independent, resid-
ual resistivity po, which depends on the particular sample, the temperature
derivative is taken to compare the experimental graph with the calculated
curve. Figure 5.10 shows the experimental derivative of the magnetic resis-
tivity %pﬁem*‘;b = J[pNiSt _ pLaNiSt compared with the derivative of the
theoretical resistivity curve. The latter was calculated taking into account
the influence of the Kondo effect following the theory of Cornut-Cogblin [128]
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Figure 5.10: Derivative of the magnetic resistivity of CeNiSh. Experimen-
tal curve (dotted line) and calculation on the basis of the CEF-parameters
BY = 41K,BY = ~0.31K, B} = 0K taking into account the Kondo effect

(sce text). The inset gives the magnetic resistivity of CeNiSh & pGeVest =
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using the equation
9 kT

P = E}% (Uz + Ai -1 J2> 1 + __,n(EF))\nJTlIl D(n) (5 8)
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where v is the spin independent Coulomb scattering, J the s-f coupling 7 the
quantum number and D a cut off energy related to the band width; the set
of CeNiSb CEF parameters allows to calculate exactly the second order term
as well as the degeneracy A, (7).

It turns out that it is essenfial to include the influence of the Kondo
effect in the calculation since a first attempt to apply the pure CEF-resistivity
model without Kondo effect gave a significant discrepancy between the slopes
of the experimental and calculated curves at high temperatures. The CEF +
Kondo-fit gave the Kondo parameter Jn(Er) = —0.04. On the other hand,
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the Kondo temperature (around 8 K) was determined from the broadening
of the | £ 1/2) ground state which is about 0.5 meV.

The good agreement indicates that the found CEF-scheme is correct, that
there is an overall crystal field splitting of about 100 K, and that the Kondo
effect plays an important role in CeNiSb, which has already been assumed
from the shape of the resistivity curve (figure 4.6, [42]) and is also expected
from spectroscopy measurements [129, 130].

The CEF also controls the macroscopic magnetic properties of the com-
pounds. Following the theoretical approach of van Vleck, the susceptibility
can be calculated according to equation 5.9 [131, 132]:

)3 (2] I} 3 |1yl .
Xeory = Ningl )_wi ( kgl +2 E; - E; (5.9)
: i#] ’

where J) is the momentum parallel to the field. The caleulated suscepti-
bility is strongly anisotropic at low temperatures, unfortunately, no single
crystals are available up to now and the susceptibility data on a polycrys-
tal are not very selective, In agreement with the experiment, the reciprocal
susceptibility calculated for a powder shows a downwards curvature below
JOK.

The resulting calculated susceptibility curve agrees quite well {negative
curvature of 1/x), apart from a scaling factor, with the experimental mea-
surements described in section 3.4. Figure 5.11 compates the measured sus-
ceptibility with the calculated one x = yGEF +y poui; where the small constant
Pauli susceptibility arises from a small temperature independent contribu-
tion from Ni 3d states. The magnitude of the ordered moment could not be
determined from magnetisation or neutron diffraction for CeNiSh, but it is
obviously smaller than the free ion value g;J = 2.14p5. One reason for this
is the CEF effect, an other is the reduction of the moments by the Kondo
effect.

In PrNiSh and NdNiSbh, six independent parameters determine the crystal
electric field. Due to the B} and Bg terms, the CEF levels for PrNiSh have
a composition like:

al3) + 3]0} £ o] —3) (three singlets)
o |4 + B1£2) + +|F1) (three doublets} (5.10}

All transitions between different levels are allowed, giving rise to the observed
excitations at low temperature. The ground state is obviously a non magnetic
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Figure 5.11: Inverse susceptibility of CeNiSbh. Experimental {dotted line)
and calculated (smooth line) curve which has been calculated on the basis of
the CEF-parameters BY = 4.1K, B} = --0.31K, B} = 0K assuming a small
additional Pauli susceptibility.

singlet. However, additional data need to he considered, in order to put
up further restrictions limiting the amount of possible solutions. As the

magnetic resistivity p,, 1s a function of magnetic disorder, measured by the
entropy S,,, its derivative 55",}" is similar to the specific heat C,, = % and
can therefore be taken into constderation for checking the location of excited

levels through the occurrence of Schottky-like anomalies.

In figure 5.12, the temperature derivative of the resistivity is shown and
compared qualitatively with an energy spectra of PrNiSb, since both reflect
the influence of the crystal field with increasing temperature or energy. Both,
PrNiSb and NdNiSh show a pronounced Schottky anomaly visible as the
broad peak around 50K, which is related to the increasing population of
crystal field levels lying around 10 meV. The feature at 101K for PrNiSh is
also a Schottky anomaly related to the population of the excited CEF levels
visible through the strong neutron energy transfer peaks around 2-3 meV.
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Figure 5.12: Temperature derivative of the electrical resistivity of PrNiSh and
NdNiSb compared with an inelastic neutror diffraction spectra of PrNiSh at
4 Kelvin.
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Conversely, the sharp and unsymmetrical peak observed at 23 I{ for NdNiSb
is a A-type anomaly related to the ferromagnetic order at 7. However,
the limited set of experimental data is not sufficient for determining the six
independent CEF parameters in PrNiSb and NdNiSh. This might be possible
with additional data, for instance from measurements of the susceptibilities
x| and x1 as well as from inelastic neutron scattering data af higher energies.

5.6 Conclusion

Inelastic neutron scattering measurements allowed to determine completely
the crystal electric scheme of four compounds despite of the limited avail-
able energy range of the data. Apart from being interesting in its own right,
the CEF-levels form the basis of many physical processes and thus play a
crucial role in the understanding and interpretation of many macroscopically
observable properties and effects. For example, the direction and the rota-
tion of the magnetic moments could be explained, in agreement with the
resistivity and magnetic measurements. Furthermore, the non magnetic be-
haviour of PrNiSb was explained and the Kondo temperature in CeNiSh was
determined.







Chapter 6

Photoemission

6.1 Introduction

The electronic structure lies at the basis of any system, since it controls most
of the physical properties and effects. Thus, extensive experimental and theo-
retical research is focussed on the investigation of the composition and nature
of the energy levels, their wavefunctions and the electronic structure of these
many electron systems. Photoelectron spectroscopy (PES) techniques enable
to investigate a wide range of electronic properties, including the energy po-
sition of the electronic states, the localised or delocalised nature of the energy
bands and the valence configurations close to the Fermi level which are rul-
ing the electrical transport properties. Further, these PES characterisation
methods are important as a complementary tool to provide detailed infor-
mation linked to the understanding of the magnetic properties [133], such as
band width, band dispersions, exchange interactions, effective intra-atomic
Coulomb correlations, many body effects and the size and orientation of spin
and orbital or total moments. Much of this information is only accessible
by the means of electron spectroscopy, which is particularly true for surface
effects, since the disruption of delicate electronic balance at the surface can
lead to distinctive new properties [134, 135, 136, 137].

Starting with the discovery of the photoelectric effect [138, 139], several
different photoelectron spectroscopy techniques have emerged during the last
century {140, 141] leading to a large amount of research on various aspects on
the electronic structure, also in the field of rare earths (RE), RE thin films,
RE binary and ternary compounds, e.g. [142, 143, 136, 144].

Using tunable synchrotron radiation as an excitation source, the dramatic
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enthancement of the shallow core level intensities of rare earths has been ex-
plored since the late 1970°s [145], where the interferences between different
excitation and decay channels leads to a (giant) resonant enhancement of
the photoemission cross section. This resonant photoemission and photoab-
sorption has been investigated intensively in RE atoms [146, 147], RE thin
films [148, 149, 150] as well as in RE compounds [151] at the 5p — 5d
(152, 153, 154, 155], 3d — 4f [156, 157, 158] and at 4d —» 4f [159] pho-
tothreshold in search for a closer understanding of the details in excitation
processes, to clarify the decay mechanisms and to study the interactions be-
tween the atomic shells involved. As the resonant photoemission process is
specific of element and angular momentum, it has also gained practical im-
portance as a tool to determine the nature of electronic states in rare earth
systems and has helped to assign charge transfer satellites [153, 160, 161]. For
the same reason, this technique can practically be applied as a very sensitive
tool to detect accurately tiny amounts of impurities on surfaces, provided
that the impurities in request are sensitive to a resonant enhancement of the
photoemission spectrum at certain incident energies [162).

6.2 Theory

6.2.1 Photoemission

Photoelectron spectroscopy is a powerful surface sensitive characterisation
technique providing information about the electronic structure of the top-
most atomic layers associated with the short mean free path of the emitted
photoelectron [163, 164]. The principle of photoelectron spectroscopy (PES,
called UPS in the ultraviolet region (<100eV) and XPS in the X-ray one
(1200-1500eV)) is to expose a sample to a beam of monoenergetic photons,
which then interacts with the N electrons of the system, leading to a sub-
sequent photoemission of electrons. They are then analysed in terms of
kinetic energy, maybe additionally in spin and/or angle. The collected spee-
trum represents the probability distribution of energy gains of the system left
after a particular process, carrying information on the occupied density of
states (DOS). Figure 6.1 sketches - in the single particle approximation - this
PES mechanisms together with three neighbouring spectroscopic techniques
- XAS, XES and AES - illustrating here just the principle; a more detailed
description can be found in e.g. [165, 166, 167]. In the case of angle resolved
photoemission [144], the k& dependence can be measured from well ordered
sutfaces, allowing so to map the bandstructure [168, 169, 170, 171].
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Figure 6.1: Schematic representation of the transitions involved in some spec-
troscopic techniques in a single particle approach. a} Photoemission spec-
troscopy (PES) (here: X-ray photoelectron spectroscopy (XPS)), b) X-ray
absorption spectroscopy (XAS), ¢) X-ray emission spectroscopy (XES), d)
Auger electron emission spectroscopy (AES). The figure is taken from [172]

In X-ray photoelectron spectroscopy (XPS or ESCA (electron spectroscopy
for chemical analysis)), the energy conservation law gives for the kinetic en-
ergy K, of the photoemitted electrons

Ekin :hl/—Eb-—q) (61)

where A represents the energy of the incident photons, Ej the binding energy
and @ specifies the work function for an electron to leave the solid. The
theoretical description of the spectra is undertaken in the one step model
where the photoemission cross section %‘1 is approximated by [173, 174]

do
ds}
for the transition between the initial ®; and final state ®; with the density
of states p(E;). Here, A is the vector potential of the incident light, P the

momentum and the é-function ensures the validity of the energy conservation
law. The calculated é-function peaked states need then to be convoluted with

~ o(Ey) |(®7|AP|®:)|* 8(E; — hv — Ei) (6.2)
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Lorentzian, Gaussian and/or Doniach-Sunjic envelope functions, in order to
account for the experimental line shape, in the present systems in particular
for lifetime effects and instrumental broadening.

The experimental photoemission spectrum coincides with the excited
spectrum of the hole-state left behind by the photoemitted electron, lead-
ing to complex interactions - especially in highly correlated many electron
systems. Particularly in rare earths, the electrons in the unbalanced 4f shell
move in a highly correlated manner, resulting in a large promotion energy
E(4f*1) — E(4f™), which prevents to associate the measured position of
the excitation with the location of the 4f band obtained from ground state
calculations. As a result of these correlations, the lanthanide spectra are
characterized by a high abundance of spectral lines and a high density of
energy levels with no apparent regularity, and the appearance of extended
multiplet structures. Consequently, the spectra are classified as ’very com-
plex” and their successful interpretation has only recently been accomplished
despite the still remaining problems to treat correlated many-electron shells
within the available schemes for calculating the electronic structure of solids.

These multiplet structures in the XPS core level spectra arise from the
interactions during the photoemission process of a core level hole with the
spins and magnetic moments of the unbalanced 4felectronic shell, which is
considered to remain atomic like within the sudden approximation. Thus,
the integral 4f population is not altered in this transition and the final states
are expressed as a distribution of eigenstates resulting from the coupling of
the core level hole with the incomplete 4f shell. This mechanism gives rise to
complicated multiplet structures in the XPS core level spectra as shown at
the example of the Tb 4d multiplet of TbNiSb spead over an energy range of
about 30eV (figure 6.2). The Th 4d multiplet in ThNiSh is compared with
theoretical calculations of pure Th in the intermediate coupling scheme {176].
Note that their calculations do not take into account electron loss effects and
lead to a Th peak at 161 eV. However, this peak originates from background
eflects as proved by electron energy loss measurements, showing the neces-
sity to incorporate this technique when analysing the multipelt structure.
In addition the spectrum has been fitted - just for illustration purposes -
with 10 peaks which would correspond to 10 electronic states in the one elec-
tron model of the Russell Sauders (LS} coupling scheme. This approach is
for the Gd 4d multiplet a reasonably good approximation for the first well
separated, equally spaced 4d multiplet states, as the half filled Gd 4f shell
reduces the complexity of the interactions {177]. However, the very large spin
orbit splitting of the total RE 4d multipiet structure, which is comparable
to the exchange interaction of the 4f subshell, results in the invalidity of the
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Figure 6.2: Th 4d high resolution multiplet in TbhNiSh. The experimental
XPS high resolution Th 4d multiplet structure of TbNiSh, broken in sutu,
(top curve) is deconvoluted mathematically with the help of the program
Simpeak [175], using the background as measured by electron energy loss
spectroscopy (EELS). The bar diagram displays many body calculations in
the intermediate coupling scheme for Th thin films [176]. See the text for
details.
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LS coupling scheme and the spin S of the 4f shel} is no longer & good quan-
tum number [150]. This is in particular true for those rare earths which do
not possess an empty, half or fully filled 4f shell. Consequently, the simple
one electron LS-approximation is no longer applicable, and the intermediate
coupling scheme has to be employed in order to treat correctly the effects
occurring in the RE 4d multiplet structures [176, 178]. Another theoretical
approach to describe the 4d multiplet may calculate ab initio the 4d multi-
plet by starting with the potentials and then solving the Dirac equation as
it has successfully been carried out for less complex systems [179, 180].

6.2.2 Resonances

The large spatial overlap of the 4d and 4f orbitals of rare earth atoms supports
a strong resonant enhancement of the photoemission cross sections, caused by
two strongly interferring distinct photoemission and decay channels in these
many electron processes. In a generic picture, the indirect channel of the
resonant photoemission is interpreted as due to a process where a 4d electron
in the initial state 4d'° 4™ is first excited to the unoccupied 4f level, forming
a tightly coupled, bound intermediate state 4d° 4f"*1, followed by a decay via
autoinonisation. The resulting final state 4d'° 41 (Le™) is identical with
the one reached by direct photoemission, as sketched in figure 6.3. Since

4d° 418

L

Decay by

4d —4f \'direct recombination”
Resonance excitation J] JTL J J lT o 5X
Final state 2 J

(4d) 47 ‘357/2 (4d™) 45 J

Photoemission 7
IIIIJITITJITI _ |I1|T|TIT|T[T| 5
Ground state Final state 1

Figure 6.3: Hlustration of the 4f photoemission process and the decay chan-
nels of the resonantly excited 4d%4f® configuration in Gd [181, 182]
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the intensities of the excitation and decay channels are of the same order
of magnitude, their quantum mechanical interferences produce a dramatic
enhancement of the photoemission cross section at incident photon energies
above the 4d-—+4f photothreshold and a reduced one below.

The corresponding theoretical model for this resonance mechanism was
derived by Fano [183], describing the interactions between one discrete state
and one continuum which finally yields in an asymmetric line shape, usually
referred to as Fano profile illustrated in figure 6.4 and given by:

(a+¢)°
g = el 6.3
14 ¢? (6.3)
Here, ¢ is an asymmetry-parameter and the reduced energy variable € = Elf/‘g =

depends on the the width I and the position of the resonance £,.

¥ T T ¥ I ! I ! I ¥ I * 3

10

cross section

-6 -4 -2 0 2 4 6

reduced energy variable ¢

Figure 6.4: Calculated Fano profiles for a single resonance channel versus the
rediiced energy variable € in dependence of different asymmetry parameters ¢

This first approach for one single resonance channel has been extended
to the general case [160, 184, 185, 186|, where one is confronted with the
coupled interactions between many discrete states and many continua. In
this situation, complicated interference eftects lead to a large amount of
coupled resonance channels making thus the theoretical description rather
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complex and no simple parametrized expression can be used to describe the
partial and total photoemission cross sections. Only in the limit of weak
coupling between some (groups of) resonance channels, e.g. if each discrete
state interacts with a unique set of continua, the resonance curve might be
approximated by a superposition of different Fano profiles [147, 187].

6.3 Experimental

The X-ray photoemission spectroscopy (XPS) and electron energy loss spec-
troscopy (EELS) measurements were carried out with a commercial PHI
9600ct multitechnique spectrometer in Osnabriick, constructed by "Physical
Electronics’ as sketched schematically in figure 6.5. Monochromized Al K,
radiation of 1486,6 €V (or an electron beam in the case of EELS) is imping-
ing on the sample, the subsequently photoemitted electrons are then detected
with a 117, 180 spherical multichannel analyser having an experimental res-
olution of about 300 to 400 meV.

Al/ Mg-
Ion gun Anodes Monochromator

Hemispherical
Analyzer

\

Electrox
optic
16- Channel Elektrn

Detector

S

Vacuurm- Al X-ray anode

chamber

To the preparation chamber

Figure 6.5: Sketch of the PHI5600ci multitechnique spectrometer in Os-
nabriick employed for the XPS and EELS measurements. The figure is re-
produced from [188].
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Synchrotron radiation offers a high brilliance, intense, tunable light source
(189, 190}, which was employed for resonance measurements at the BESSY I
storage ring in Berlin using the photoelectron spectroscopy system ADES
400 at the monochromator TGM 2. The latter monochromator has three
switchable gratings, of which the high energy one (90 < hy < 180eV') supplies
only a low photon flux which then yields to a small counting rate, especially in
combination with the small acceptance angle of the single channel analyser
optimized for angle resolved measurements. Despite of the resulting poor
data statistics when a series of spectra needed to be taken within the limited
time available after a surface cleaning and realignment process, the physical
information could nevertheless be clearly extracted.

X-ray emission spectroscopy (XES) measurements were performed on a
RSM-500 X-ray spectrometer in Yekaterinburg, Russia. The second order
reflections were employed to register the photons emitted from the Nil,
(Ni3d4s—Ni3ps/z) and the first order ones for the Sb M4,5 (Sb 5p—5b 3ds/2)
transition with an energy resolution of 1.0 and 1.3eV respectively. The
energies of the XES-spectra were then calibrated to the position from known
lines of the pure elements.

Fully relativistic calculations of the band structure and of the electronic
density of states (DOS) were carried out using the density functional theory
with local density approximation (LDA). The one electron Schrodinger equa-
tion was solved self-consistently using the linear muffin-tin orbital {LMTO)
method in atomic sphere approximation {ASA) including the combined cor-
rections [191). The exchange potential introduced into the calculation was
obtained by the 'van Barth and Hedin’ method [192].

6.4 Surface preparation

As photoemission probes the topmost atomic layers, the preparation ol a
clean surface is essential before photoelectron spectroscopy experiments. In
the present work it was carried out in situ by breaking (RNiSb) or repeated
scraping with a diamond file (Gd intermetallics), preserving the exact crystal
stoichiometry but the latter cleaning technique damages any single crystalline
order. In particular due to the high reactivity of rare earths and their com-
pounds, the preparation of a single crystalline or ordered surface is a quite
difficult and a challenging task, which has considerably limited and hindered
a lot of research in this field of surface sensitive investigations.

In order to work around these preparation difficulties, vapour deposition
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is widely used to grow in situ an ordered crystalline structure on a substrate
[193, 194] in general restricted to pure elements and to more or less thin films,
Provided hard and brittle crystal properties, some of these single crystalline
rare earth compounds may be cleaved along one of the crystal planes [195]:
the mechanical properties of our Gd intermetallics inhibited this approach.
In contrast to less reactive elements and compounds [196], the contaminants
of bulk rare earth crystals and compounds, like O, H and C, can hardly be
depleted by the usual UV sputter-anneal cycles [197, 198] and so far no pub-
lication is known to us where such a single crystalline intermetallic rare earth
compound has successfully been cleaned by these UHV sputter-anneal cycles
for performing angle resolved photo emission spectroscopy measurenments.

The latter approach was tried on two small (semi-) single crystals which
were available in the present work, GdCu and GdCuy which consisted of two
large grains, tilted against each other according to back reflection X-ray Laue
diffraction. Various long Ar-sputtering and annealing cycles all led to the
same observation that the oxygen contamination did not fall below a certain
level so as if the samples were oxidised through the bulk and thus oxygen
emerges continuously from the bulk to the surface. Since Gd is much more
reactive than Cu, it can be supposed that the oxidation of Gd (to Gd,03)
dominates the present oxidation process of our Gd compounds, studied in
detail on bulk Gd in the UPS energy range [199]. They have proved that -
after Gd has finally oxidised to the stable Gd;0; oxide - during subsequent
heating, the Gd;O3 is decomposed, but the oxygen is not detached, instead
the oxygen penetrates into the sample. This could explain why the oxygen
remains on the surface of the Gd compounds and it suggests that Gd and its
compounds may not be cleaned by annealing once the sample is oxidized.

Finally, we attempted without success to reduce the contaminating oxy-
gen under a hydrogen atmosphere to H,0, as it has successfully been applied
at somme non-rare-earth compounds, e.g. on CuO/Cu surfaces [200]. This
attempt is principally critical for rare earths and many of their compounds,
because on the one hand the rare earth atoms react easily with the hydrogen
to a stable RE-hydrogen compound and hydrogen is adsorbed at the surface
[137, 55], and on the other hand hydrogen diffuses quickly into the bulk;
on Gd surfaces, this diffusion takes place at temperatures above 195 Kelvin
[137, 201},

One further difficulty for GdCu consists in its martensitic phase transition
CsCli»FeB with a very low activation energy for the transition between the
two stable crystal structures as explained in chapter 2.2. For this reason, any
slight disturbance is sufficient to provoke a change of the crystalline structure
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on a microscopic scale, preventing any long range order from remaining stable
at the surface. The same result would be reached when e.g. polishing destroys
the weak bondings of GdCu, thereby damaging any ordered structure.

6.5 Valence band

The valence band plays a particularly important role in understanding the
physical behaviour of the compound, since it contains unfilled shells responsi-
hle for magnetic and spin moments, the states close to the Fermi-level control
the chemical bondings and the electrical transport properties. When being
embedded into a crystal structure, the electronic configuration of the ele-
ments may change in comparison with the one of the pure elements due to
c.g. charge transfer and hybridisation effects resulting in new physical prop-
erties of the compound. As an example for a binary compound, the valence
band of GdCu is briefly presented, measured at BESSY I, ADES 400, with
an incident energy of 170eV. As displayed in figure 6.6, the spectrum is dom-
inated by two strong peaks, the Gd 4f and Cu 3d ones around 8.3 and 3.3 eV
respectively, thereby hiding all photoemission features with weak intensities.
Induced by the half filled Gd 4f shell with its pure spin configuration ®S7/, in
the ground state, the 4f final states are energetically very close together, no
multiplet splitting occurs (within the experimental resolution) and they form
one single 4f peak within which no further details concerning the Gd 4f states
can be resolved. In agreement with other Gd intermetallic compounds [202],
the energy position of this peak undergoes a chemical shift from 8.1eV in
the pure Gd metal to 8.3eV indicating a complex charge redistribution dur-
ing the formation of the compound. Following the correlated charge model
(203, 204], it may be calculated that a charge corresponding to about 1.6
electrons is transferred from the Gd to the Cu site. In the same way, the rare
earth photoemission peaks in RNiSb suffer a positive chemical shift towards
higher binding energies in comparison to the positions in the pure metals,
caused by a charge transfer of rare earth electrons to the antimony site.

While binary compounds have quite systematically been investigated with
different characterisation techniques including photoemission [14, 177, 205,
206, 207] the electronic interactions are more complex and thus more in-
teresting in these ternary compounds where less data are available. In
particular, the group of RNiSb compounds has not yet been investigated
with PES techniques and the obtained data are completely new. Therefore,
the photoemission analysis in this chapter focusses on the group of RNiSb
compounds on which the electronic structure was measured by X-ray photo-
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Figure 6.6: Valence band of GdCu measured at BESSY I with hr = 170V
in comparison with calculations of Gd 4f final states for the pure Gd metal
as drawn in the bar diagram. The calculations are taken from [142].

emission spectroscopy {XPS), as shown for the valence band in the figures 6.7
and 6.8. The spectra represent a superposition of the states from all three
elements, they are dominated by the RE 4f states and - in the region of the
Fermi level - by the Ni 3d states as discussed later.

Of particular interest are the RE 4f states with their unbalanced highly
correlated electrons, since they are responsible for most of the special fea-
tures observed in RE compounds. For instance, the energetic position of the
4f electrons describes the extent to which these electrons are considered as
localised. Turther, it indicates the ease with which the 4f electrons can be
excited to states around the Fermi level which may give an estimate for the
strength of coupling and hybridisation effects with the bands close to the
Fermi-level.

In the light RNiShb compounds, the 4f states are situated at low binding
energies approaching the Fermi level, and thus are in strong interaction with
the outer valence electrons. The 4f levels in RNiSb are located around 0-2 eV
for La, 0-2.5eV for Ce, up to 3.5eV for Pr, then further increasing steadily
within this compound series, reaching 5eV for the maximum intensity of Nd
4f in the investigated light RNiSb compounds. They all show a small chemical
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Figure 6.7: X-ray photoelectron spectroscopy of RNiSb compounds (R= light
rare earth), see the text for details.
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Figure 6.8: X-ray photoelectron spectroscopy of RNiSh compounds (R=
heavy rare earth), see the text for details.
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shift towards higher binding energies in comparison with the pure RE metals
as discussed above. No fine details of the 4f states can be extracted from
these data in the light RNiSh compounds, since the small spin orbit splitting
causes the J-multiplets not to be resolved with XPS, especially since their 4f
states are superposed by the Ni, Sb and R 5d6s® levels, present in the same
energy range close to the Fermi level.

In contrast, the 4f states in the heavy RNiSh compounds are located
more deeply, their most intense contributions to the 4f spectra emerge from
binding energies in the range around 8 to 10eV. Their spectra display a
complex 4f final state multiplet structure, spread over a relatively wide energy
range, provoked by the strong interactions, correlations, LS-coupling and
exchange splitting of the 4f electrons under the influence of the hole created
by photoemission.

The largest value of the exchange splitting occurs in ThNiSh of up to
about 8eV, where the seven Tb 4f electrons in the final state may align their
spins to S = %, (8S) or S = £, (°X), leading to an exchange splitting which is
observed to be larger than expected according to the simple coupling model,
caused by various relaxation processes taking place in the excited atom [208]
[209]. The principal Tb 4f peaks around 7.8 and 9.7eV are composed of the
P 818D and 5G,°T,°H states respectively as calculated for pure Th [143] and
reproduced in figure 6.9. For a compound, the calculated energy positions
of all Tb multiplet states shift slightly to higher binding energies, especially
the ®S;/; peak undergoes an appreciable shift being then located at 3.1eV
according to a calculation for ThSb [210, 211}, For Tb films on Ni(111), the
Th 857/, multiplet has also been discussed as two peaks, SS$/2 at 3.1eV and
8837/2 at 2.1eV binding energy for an moderate coverage (2-4 monolayers),

2.8eV and 2.2eV for thick films (> 8 monolayers) [212].

Apart from a chemical shift towards higher energies and some subtle
variations, the 4f multiplets of all these RNiSh compounds remain quite sim-
ilar to those obtained from the pure RE metal, resulting from the localized
character of the 4f core levels, which is little influenced by the chemical envi-
ronment. Therefore, the RNiSh multiplet structures and their final state spin
distributions can be interpreted with the help of existing data for the pure
RE elements reviewed in [143, 211, 213, 214]. The XPS spectrum of GdNiSh
shows one single Gd 4f peak arising from the final state "F" configuration
situated at 8.3eV below the Fermi level. This shows that the Gd 4f shell
is quite stable. All spectra in the figures 6.7 and 6.8 are normalised to the
maximum intensity, which causes the LuNiSb spectrum to be dominated by
the Lu 4f peak, due to the large partial photoemission cross section of this
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Figure 6.9: XPS spectrum of the TbNiSb valence band, compared with the
calculated ***'L; configurations for pure Th [143]. In the TbNiSh XPS
spectrum, the The peak at 1.7eV is dominated by the Ni3d states while the
peaks a 3.0eV and between 7 and 11 eV originate from Th contributions.

completely filled shell [215].

While the photoemission peaks arising from the rare earth 4f electrons
vary strongly, the Ni and Sbh states do not change significantly between dif-
ferent compounds of this series. As the photoemission spectrum is a su-
perposition of all elements and shells, calculations of the partial density of
states (DOS} are a powerful tool to distinguish the different contributions,
although the emission intensity still needs to be convoluted with the partial
photoemission cross section, and the spectrum of excited states is not de-
scribed. The latter causes this approach to be unsuitable for analysing the
excited PE spectrum arising from highly correlated 4f electrons; however,
these simple calculations generally agree sufficiently well with the spectra of
non-correlated shells.

Total DOS calculations were performed on YNiSh which were found to be
in good agreement with the XPS spectrum as compared in the top graph in
figure 6.12; the contributions form each atomic shell are resolved by partial
DOS calculations, shown in figure 6.10. They reveal that the Sh5s states
clearly dominate the peak around 10eV, visible as a weak peak in the light
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Figure 6.10: Calculated partial density of states for the Y, Ni and Sh subshells
in YNiSb [111].

rare earth compounds. In the heavy rare earth compounds, these Sh 5s states
Jead to a broadening of the intense 4f peak(s) at the high energy side.

The valence band close to the Fermi level is constituted by the states
from all elements, principally the R 5d,6s, Sb5p and Ni3d ones, outlined in
the partial DOS figure 6.10. Considering the relative DOS and the photoe-
mission cross sections [215], it is obvious that in the RNiSh spectra the first
peak structure between 0 and 2eV is clearly dominated by the Ni 3d elec-
trons superposing the Sb and RE states and thereby hiding any fine details
of the contributions originating from these elements. The overlap in the wave
functions becomes even clearer in the calculated band structure (figure 6.11),
showing a strong hybridisation due to the bands around 1 to 1.5eV, promot-
ing an sp® hybridisation around the Sh atom. It also displays the indirect
gap at the Fermi level and the existence of a second region without electronic
states located between 6 and 9eV. This lack of states in the valence band
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occurs quite frequently in semi Heusler compounds and Kondo insulators
(216, 130, 217], facilitated by their narrow band character and semi-covalent
bonding [25, 28]. In the heavy RE compounds, this region is filled by the
4 electroms, their localized character might play an important role for the
ohserved effects.
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Figure 6.11: Calculated band structure of YNiSh [111]. The width of each
band represents the degree of hybridisation. For instance, the lowest band
represents Sh s states, mostly hybridized with Sh p ones.

Due to smaller overlap of the Ni 3d wavefunctions in RNiSh in comparison
to the situation in pure Ni, the Ni states are slightly moved to higher binding
energies, forming a slowly decreasing DOS towards the Fermi level. This
leads to a relatively low density of states at the Fermi level, supporting the
formation of either semi-metals or narrow-gap semiconductors. It depends
only on slight variations of the electronic structure when changing the rare
earth element within this compound series as it was observed by transport
measurements (chapter 4). This slow decrease of the electronic DOS towards
the Fermi level contrasts to the one of the pure Ni metal, which possesses
a large DOS down to the Fermi edge, followed by a sharp cut off, hence
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displaying a triangular shape of the photoemission spectra of Ni [218]|. The
deeper lying Ni bands also agree with the observation that Ni carries no
magnetic moment (chapter 3), since a deeply lying shell is more likely to be
completely filled. Thus, it can be anticipated that the Ni 3d subshell may be
fully occupied in the 3d!" configuration.

X-ray emission spectroscopy {XKES) measurements were performed on
six RNiSb compounds at the Nil, (Ni3d4s—Ni3pss;) and the Sb M4,5
(Sb5p—Sb3dsyy) transition, probing the local density of Ni and Sb states
as shown at the example of YNIiSb in figure 6.12. Caused by the poor data
statistics and the low energy resolution of 1.0 and 1.3eV, only one broad Ni
and Sb peak is observed integrating over all states, confirming nevertheless
the partial DOS calculations that the mean position of the Ni states is lo-
cated closer to the Fermi level than that of the Sb states. The large half
width of the XES peaks may also suggest the presence of enlarged hybridised
bands in this energy range.

6.6 Resonances

6.6.1 Gd resonance results

The resonant enhancement of the shallow core level intensities was studied
on several rare earth compounds, caused by inter-shell interactions promoted
by the spatial overlap of the orbitals. Among the investigated intermetallic
compounds, the 4d—4f resonance of GdCu is presented as an example for a
comparatively less complex situation, since Gd possesses a half filled 4f shell
which limits the amount of possible electronic configurations in the excitation
and decay processes involved.

As shown in the 3-dimensional overview in figure 6.13, all Gd states - the
5p, 4f and the 5d 6s ones close to the Fermi level - display a pronounced
resonant enhancement of the photoemission cross section with its maximum
around 149eV and a suppression of intensity directly before, proving that all
these Gd states participate at a Fano-type resonance process. These reso-
nances in the valence band are analysed closer in the following by constant
initial state (CIS) spectra, showing a typical Fano lineshape of the main res-
onance peak (giant resonance), preceded by narrow and weak lines in the
structure around 139 to 144eV. This IFano resonance is also observed at the
more tightly bound 5pi/; and 5pgs; peaks in the region around 20 to 30eV
[220] which has been discussed in detail on Gd thin films [148]. Contrarily,
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Figure 6.12: Comparisons for YNiSbh of the calculated total and partial DOS
(111] with X-ray photoemission spectroscopy {XP$) and X-ray emission spec-
troscopy (XES) [219], probing the partial DOS of Ni and Sb respectively.
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Figure 6.13: Series of photoemission spectra (EDC) of GdCu at varying
incident energies in the region of the Gd 4d—4f photothreshold. This ex-
periment was carried out at the synchrotron BESSY 1 at the High Energy
PGM 1 which supplies a large photon flux in this energy range. The spectra
are normalized to the incident photon flux.

the Cu 3d peak undergoes an antiresonant suppression of the photoemission
intensity at those incident energies, where Gd 4d—+4f resonance is centered
(given by Eg in the Fano formalism).

An additional weak structure, which cannot be observed in direct pho-
toemission, emerges at around 12-15eV in a zoomed, high resolution EDC
spectrum at incident energies around 143 eV, where the interferences strongly
suppress the photoemission intensity of the main peak. It originates from ex-
cited quintet X configurations of the Gd 4d'® 4{® final state reached by the
Auger decay of the resonantly excited Gd 4d°f® intermediate configuration
[147, 181] as sketched above in figure 6.3.
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6.6.2 Gd resonance discussion

The complexity of the interactions involved in the Fano mechanism is re-
duced for the case of the half filled Gd 4f shell, since all seven 4f electrons
form one pure single spin state (357,), being located energetically very close
to each other as indicated through the single Gd 4f peak in XPS (figure
6.6). Therefore, it can be assumed, that all principal resonance channels in-
volved lead to Fano profiles at the same energy, thus allowing the approach
to fit of the main resonance peak with one single Fano lineshape, leading to

Er=147.80eV, I=5.73 and ¢=2.32 (figure 6.14).
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Figure 6.14: Constant initial state spectrum (CIS) of GdCu at a binding
energy of 8.3eV corresponding to the Gd 4f photoemission peak. The exper-
imental curve (dotted fine) has been fitted with a Fano profile (smooth line)
leading to the Fano parameters Er=147.80eV, ['=5.73, ¢=2.32.

In order to measure the strength of the interactions between the discrete
and the continuum states in GdCu, the asymmetry parameter g can be used
[160], which was reported to range typically from 2.0 to 4.0 in transition
metal and rare earth atoms [146, 147] and a value of ¢ = 3.2 was found
for 4% Gd diluted in a II-VI semiconductor [187]. Since the the Fano pa-
rameter ¢“4°* = 2.32 is smaller in GdCu compared to the latter diluted
semiconductor, stronger interactions are thus measured for the investigated
GdCu compound. This suggests that - despite of the atomic character of
the resonance process - the resonance is nevertheless influenced by the elec-
tronic surrounding of the Gd atom. However, it cannot be excluded, that
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this comparison with the values from the literature might be affected by
different experimental conditions and the sample quality. In the limit of a
large q, the Fano lineshape approaches a symmetric Lorentzian peak, a shape
which is experimentally observed for the peaks in the prestructure, indicating
weak interactions of the latter with the direct photoemission process. This
becomes evident, when considering that this prestructure originates from
quintet states [181, 187], which cannot be reached by the direct photoemis-
sion process as indicated above in figure 6.3. In this way, the prestructure
originates from coupled resonances between different channels [221, 160]. De-
rived from resonant MCD calculations [149], these were interpreted as due
to 251D, configurations (®Dgs, 8D7/2, ®Daya, ®Dsya). As opposed to this,
the main resonance peak is attributed to the *P; (J = g—, I.2) configura-
tions, dipole excited from the 57/, ground state in the limit of the vanishing
spin orbit coupling. Due to the differences in the super Coster Kronig decay
rates, the lifetime of the states in the prestructure is about 10 to 20 times
Jarger than the one of the main resonance, leading to a sharper line shape for
the peaks in the prestructure [222]. However, due to the low signal to noise
ratio, a more detailed analysis of the prestructure cannot be undertaken on
the hasis of the present experimental data. For these reasons, the analysis of
the Fano-profiles is concentrated on the main resonance peak.
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Figure 6.15: Constant initial state (CIS) spectrum of the Cu 3d peak at 3.3 eV
binding energy in GdCu (dotted line). It shows a clear Fano antiresonance

fitted by Er=147.50eV, I'=6.0 and ¢=0.0 (solid line).

In contrast to the resonant enhancement of the photoemission intensity
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observed on all rare earth peaks, figure 6.15 shows a clear suppression of the
photoemission cross section of the Cu 3d peak at 3.3eV, fitted by a Fano
antiresonance profile with the asymmetry parameter ¢ = 0. This behaviour
could originate from the special form of configuration interactions, where the
different excitation and decay paths mutually annihilate in such a way that
a symmetric suppression of the intensity occurs [223], described in the limit
q = 0 of the Fano theory according to equation 6.3. The drop in intensity
between 155 and 160 eV resembles an inverted prestructure of a Fano profiele,
however the origin for this behaviour cannot surely be determined on the basis
of one single spectrum. Such kind of antiresonances are sometimes observed
in various 3d [224, 225, 226, 227] and rare earth compounds (228, 1871, always
being explained hy refering to the Fano formalism.

6.6.3 'TDb resonance results

While in Gd compounds all 4f photoemission spin states are situated within
one single peak and only one principal resonance energy occurs, the situation
becomes more complex in the case of heavy rare earth compounds which have
several 4f peaks in the valence band and form a complex multiplet structure.
The situation is principally similar - as far as this problem is concerned
- between the different heavy rare earth compounds: Localised 4f levels,
spread over a considerable energy range and showing two principal peaks,
as indicated in figure 6.8. As an example for these compounds, ThNiSh has
been investigated, which has two main 4f peaks containing the ¢1, P, D and
°G, °F, °H spin distributions in addition to the well separated 8852 exchange
splitting satellite (figure 6.9).

The resonant behaviour of ThNiSh was investigated at the monochroma-
tor TGM 2 at BESSY I in the same way as described above for the GdCu
measurements. As a result of the low photon flux at the high energy grating,
combined with a limited measuring time [or a complete series of spectra, the
statistics of the experimental data are fow, enabling nevertheless clearly the
identification of the physical processes.

Photoemission spectra of ThNiSh were taken at a series of different in-
cident photon energies revealing a pronounced Fano resonance as presented
in the 3-dimensional overview in figure 6.16. While the energetic position
of the peaks varies little with photon energy, their intensity undergoes large
variations in the region around the 4d—4f photothreshold, showing a strong
resonance peak above and a reduced intensity before the threshold.
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Figure 6.16: Valence band of ThNiSb at different incident photon energies.
The spectra are normalised to the photon flux impinging on the sample.

To analyse this resonance in more detail, constant initial state (CIS)
spectra (figure 6.17) were taken at the different Th states in the valence
band of ThNiSh, shown in figure 6.9. All spectra display an asymetric line
shape, rather similar to a Fano profile, preceeded by a small prestructure
around 142-143 eV, which is caused by coupled resonance channels as already
discussed above. The CIS spectra have been normalized to the incident
photon flux impinging on the sample showing that the absolute intensity of
the prestructure remains constant within the experimental data statistics.

In contrast, a quite different behaviour is observed for the principal peak
of the Fano resonance between 149 and 156 eV, depending on the 4f multiplet
states of the Th peak in the valence band on which the CIS spectra were
taken. On the one hand, the CIS spectrum taken at 2eV is sharp and
narrow with its maximum intensity at 150eV and a quick decrease of the
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signal at higher energies; the shape resembles quite well with a typical Fano
profile. Its absolute intensity reaches about 1/3 of the value detected at the
CI5 spectra taken at the principal 4f peaks at 8.3 and 9.7eV binding energy.
The latter display a broad main resonance peak with its maximum around
152-153 eV. The shape is much broader compared to the one from the pure,
single Fano line shape, due to a superposition of several different resonance
channels spead over a certain energy range. As some of these have different
partial cross sections, some of the single resonance channels involved can be
resolved from the subtle differences between the CIS spectra at 8.3 and 9.7 ¢V
binding energy, which can best be seen in the difference plot in figure 6.17.
At the very beginning of the resonance structure, there seems to be a single
strong channel at 150 eV, visible in the sharp more intense difference peak at
the resonance at 9.7 eV, while the broader structure at 151-153 suggests that
it is composed of a few weak channels which show an increased partial cross
section at the peak of 8.3eV binding energy. The origin for this behaviour is
analysed in the following paragraph.

6.6.4 Tb resonance discussion

In contrast to Gd compounds, the density of states of the Th 4f multiplet
15 distributed over a wide range within the valence band, depending on the
spin configuration of the final states as shown in figure 6.9. Thus, only the
single 857, final state spin configuration contributes to the resonance process
of the CIS 2eV spectra, strongly limiting the number of allowed resonance
chanmnels. It may be suggested that this resonance is clearly dominated by one
single resonance channel at 150 eV directly at the beginning of the resonance
processes, which in turn creates a sharp Fano line shape. The cross section
of this peak measured at 2eV is much lower than the one from the principal
4f peaks, due to the weaker #S:/2 density of states and the lower number of
resonance channels involved.

On the other hand, the principal 4f peaks around 8.3 and 9.7 eV are com-
posed of several multiplet configurations, ®1,6P 8D and G.5F °H respectively,
allowing the occurence of several different resonance channels. Some of them
have slightly higher resonance energies causing the maximum of the resonance
intensity to appear at higher energies around 152-152eV. This superposition
of several different profiles, slightly shifted in energy, produces then a broad
resonance structure, much broader than according to the pure Fano theory
(equation 6.3) and broader than the profiles found for many transition and
rare earths metals [146, 160].
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Figure 6.17: Constant initial state spectra of TbNiSb at different binding
energies of 2.0, 8.3, 9.7€V, corresponding to the Th states *S; /5, (°L°P,°D),
(°G,°F,%H) respectively. The last graph shows the difference of the CIS spee-
tra taken at 8.3 and 9.7eV. The intensities of all these spectra are normalised
to the same scale according to the incident photon flux.
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initial state excited state final state resgnant
threshold
4d1%*5p84 A5 65%  4d25525p84 FO5d1 652 4d195525p%4 3540652 152
4d'95525p54 8541651 152
4d'055?5pB4 F95406s 152
4d055%5p54 fI541 650 152
4d'%55%5p%4 f75d' 652 152
4d'%5575p54 854657 4d°5525p°4 f85d165%6p!  4d105525p84 550062 151
419552554 f85d°6s1 Gt 151
4d105525p54 3541651 151
4d*95525p%4 F55d1 6506 p! 151
4d195525p54 FT5d 652 151

4d1%55%5p%4 754165 6! 151
4d"95525p84 fT5d% 51 6p* 151

Table 6.1: Resonant photoemission processes for the valence bands of Th thin
films in the region of the Th 4d—4f photothreshold taking a purely atomic
model [212]. The resonant threshold depends only on the excited state and
is then the same for all possible final states.

In a first approximation, the resonance mechanism could be considered
as specific to the rare earth atom, allowing a comparison with the resonances
observed in pure rare earth metals even if small differences in the resonance
profiles may occur. Nevertheless, in a rare earth compound, the chemical
hondings and hybridisations may considerably influence the rare earth states,
in particular those around the Fermi level and affect thereby indirectly the
resonance process as indicated in chapter 6.6.2.

However, for & qualitative result, an atomic model of Tb is applied, ne-
glecting hybridisation and any lifting of degenerancies as a result of band
symmetries, crystal field effects and spin interactions. In this way, there are
a number of many electron excitations that can result in final states con-
tributing to the photoemission valence band spectra as given in table 6.1
[212].

The remarkable aspect is that the resonant treshold of all these channels
is entirely controlled by the first step in the resonance process, the excitation
of a 4d electron; in particular, this resonance threshold is then independent
from all possible final state configurations. In the case of Th thin films,
this threshold was determined to be 152eV for the 4d'05525p54 8541652 —
4d°55%5p°4 f°5d"65% excitation and 151 eV for the one to the 4d%552 554 £5
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Intensity J  Energy (eV) Intensity

‘H 3.314 15/2 0.000 2.061
13/2 0.430 0.849
11/2 0.718 0.202
F  2.000 11/2 0.953 0.919
9/2 1.122 0.766
7/2 1.362 0.275
P 0.876 7/2 3.405 0.398
5/2 3.535 0.849

Table 6.2: Final states of Th®* for the transition from 4% to 4{%, the iniiial
state is “Fg [142]. See the text for explanations.

5d*6s%6p! inermediate state.

Since in the fully occupied Tb 4d core shell all moments and interactions
vanish mutually, all ten 4d electrons are located at the same energy, which
is determined as 146.25eV from the beginning of the 4d multiplet structure
(figure 6.2}. As a consequence, any variation of the energetic position between
different resonance channels depends only on the different Th states in the
valence band, which therefore needs to be investigated in more detail. Due
to lack of ThNiSh calculations, some resuls obtained for Th atoms are given
as a qualitative indication only, to show how the spin and energy distribution
of unoccupied Tb 4f states above the Fermi level might be composed. The
intensities for the Th 4 final states, arising from electron addition to the
initial state 4% were calculated within the Russell-Sauders (LS) coupling
scheme as tabulated in table 6.2 {142, where the corresponding energies
were obtained from UV-absorption data [229, 230].

These calculations indicate the existence of two most intense final states,
the ®Hys/o and the °Fyy/ + “Fgyy ones. The relative energetic position of
the latter is calculated to be roughly one eV above the initial ®H,5,, config-
uration, exactly 0.95 and 1.12eV; however, the states cannot be separated
within the present experimental resolution and data statistics. "The absolute
energy for the first ®Hyg5/ state may then be calibrated as about 2.75eV,
taken from Bremsstrahlung isochromat spectroscopy (BIS) in comparison
with corresponding calculations [213].

In this way, the resonance threshold for a specific resonance channel may
be calculated by the difference between these 4d and 4f states, giving a value
of 149 and 150eV, under the presumption that these states would appear in
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the same way as in ThNiSh. The maximum intensity of the Fano profiles is
then situated at incident energies slightly above the resonance energy of the
threshold, depending on the shape of the profile, specified by its Fano param-
eters g and I'. The experimentally observed values are roughly 1eV larger
than the ones calculated in this way. On the one hand, these differences
originate from a large error bar resulting from mixing several different ex-
perimental and calculation methods for this estimation, depending on which
data were available. On the other hand, the energy and composition of the
states involved is different between TbNiSh and pure Tbh, leading to shifted
energies and to a different composition of the levels. Due to the high correla-
tion in combination with a partly filled 4f shell, the situation is very complex
in the case of Tb and Th compounds, with strongly coupled parameters in
the calculation procedure; slight variations, for example due to hybridisation
efiects, have large consquences on the resulting states. Furthermore, many
body effects must be taken into account, since the 4f states alter significantly
under the influence of a 4d core hole. Therefore, the simple model for Th
and free Th" ions cannot be applied strictly and no reliable prediction about
the energy and composition of the unoccupied states above the Fermi level in
TbNiSh is possible without having performed the corresponding many body
calculations [231]. Nevertheless, it is clear that several different unoccupied
states exist a few eV above the Fermi level having a different composition,
and a separation of two principal spin states by one eV is typical. As men-
tioned above, table 6.2 gives a typical example, but the exact situation in
ThNiSh is not known.

In the next step of the resonance process, this excited electron is deex-
cited under transferring its energy to a bound 4f electron which is subse-
quently emitted. It interacts with the spins and moments of the occupied 4f
electrons and the quantum mechanical interferences with the direct photoe-
mission process leads then to the Fano resonance. These interactions depend
on the nature of excited states above the Fermi level as well as on the com-
position of the occupied Th 4f in the valence band, thus favoring certain
resonance channels at specific incident energies. As a result, some resonance
channels show different partial cross sections depending on the final state
configuration, °I, °P, °D for the Tb 4f peak at 8.3eV and ®G, ®F, ¢H for
the one at 9.7eV. The key role might be attributed to the I configuration
with the highest angular moment (L = 6), since only this final state shows a
large magnetic circular dichroism (MCD) signal on remanently magnetized
Th(6001)/W(110) thin films, while the other states in the main 4f multiplet
structure show hardly any variations in MCD [176, 232]. This then leads to a
different relative weight of the channels involved and some of them show en-
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hanced or decreased intensities while passing by different intermediate states.
As shown clearly in figure 6.17, the partial cross section of one channel at
150 eV is more intense at the CIS profile taken at binding energies of 8.3eV in
comparison to the one taken at 9.7eV. This observation would be consistent
with an explanation that there is a strong excited 4f state at the beginning
of the set of unoccupied 4f states, like for example a ®*Hys/, one. It could
then favour at least one of the resonance channels originating from the °I,
6P, 8] states around 8.3 eV binding energy, possibly the °I configuration. In
contrast, the resonances being emitted from the 9.7eV states are favoured
by the higher lying intermediate states, like for example the °Fyys, *Fg/2
calculated for Th-ions. These are situated at energies roughly one eV above
the first, say *Hys /2, state and thus their resonance threshold is increased by
this value of ronghly one eV. As there are several weak levels spread over a
small energy range, their resonance channels are spread over a certain energy
range, giving a broad distribution of resonances (~=151-152eV). Contrarily,
a sharp strong resonance channel, probably a single one, occurs at the be-
ginning of the resonance profile (=150 eV), as clearly visible in the difference
plot of figure 6.17.

Summarising this part, it can be identified that the resonance profile is a
superposition of several different resonance channels, the resonance threshold
of which is determined by the first step of the resonance mechanism, by the
excitation of a 4d electron to excited intermediate states above the Iermi
level. Some of the resonance channels have different partial cross sections,
depending on the final state configuration of the peaks in the valence band,
possibly dominated by the high angular momentum state °I. This then leads
to a configuration of unoccupied states above the Fermi edge, which might be
principally similar to the one in Th®* ions. This interpretation is consistent
with magnetic circular dichroism (MCD) results, where spectral changes are
explaired by the angular momentum dependence of the 4d® 4f**! interme-
diate state [149]. However, no clear identification of the exact states and
resonance channels can be done on the basis of the present data. TFor per-
forming this task, many body calculations need to be carried out, specially
adapted to this resonance problem in TbNiSh. In addition, spin resolved
resonance measurements would provide valuable experimental data in order
to investigate more closely this complex resonance mechanism [150, 233].
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6.7 Conclusion

The analysis of the electronic structure with photoemission techniques, in
connection with some theoretical simulations, allowed to gain further insight
into the spectroscopic transitions and the mechanisms involved. Further,
they provided crucial information necessary to interprete macroscopic results
obtained by other characterisation techniques.

The electronic composition of the 4f wave functions was found to be
similar to the one of rare earths metals with only small differences in the
spectra which are attributed to chemical shifts, screening and hybridisation
effects. As the principal spin and magnetic moment structure of the 4f shell
varies little between different compounds with the same rare earth atom,
existing data from the literature can be employed for the present rare earth
compounds in order to support the analysis of physical effects, which are
influenced by the special properties of the 4f shell. This similarity confirms
the results obtained from elastic neutron scattering.

Band structure calculations resolved the convolution of the overlapping
states al the Fermi level, revealing a clear hybridisation of the RE 5d 6s,
Ni 3d and Sb 5p 5d states in the bands about 0.5 - 2eV below the Fermi
edge. The analysis supports that the crystal structure is stablized by a sp®
hybridisation around Sh as found earlier by the structure determination in
chapter 2.3 and 2.4.

The slow decrease of the XPS intensity towards the Fermi level supports
the observation from resistivity of narrow gap semiconductors, even if the
energy gap cannot be determined experimentally by the XPS technique alone
with its comparatively low experimental resolution. In turn, corresponding
theoretical calculations of the electronic structure allow then to deconvolute
the spectra and to resolve fine details, supplying so crucial information on
the width of the gap, helping to identify the electrical transport mechanisms.

When the splitting Acgp between the two lowest crystal field levels ex-
ceeds the experimental resolution, these levels become apparent in sufficiently
well-resolved spectra [234], opening the possibility to use ultra high resolution
photoemission [190] as a complementary tool to inelastic neutron scattering
in the study of CEF levels. However, the experimental resolution of the
photoemission data in the present work, did not allow to ohserve the CEF
levels, identified by inelastic neutron scattering, from the electron spectro-
scopic point of view,

While some characterisation techniques probe the ground state proper-
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ties, photoemission studies enabled to obtain further insight into the excited
configurations, having so allowed to study the transitions occurring between
the correlated unbalanced atomic shells. With the help of resonant photoe-
mission, the strong interaction between the 4d and 4f subshell was recon-
firmed. Some new details of the correlated many body processes could be
resolved, leading to the qualitative identification of some resonance channels
involved. The initial excitation step was found to govern the energy of the
resonant threshold depending on the intermediate excited state above the
Fermi edge. Further, the partial cross section of the resonance channels is
influenced by the spin configuration of the final state reached in the valence
band. Therefore, the variations in the CIS spectra could have been identified
as due to passing by different intermediate 4d%4f"*?) states in the resonance
mechanisms, which is consistent with magnetic circular dichroism (MCD) re-
sults, where the spectral changes were explained by the angular momentum
dependence of the 4d? 4f™*! intermediate state [149].

However, despite of ongoing research and improving computation power,
the existing theoretical models are not yet sufficient to describe completely
the complexity of the many body processes occurring in the highly correlated
4f shell [235]. To date it is not yet possible to treat all fine details of the
photoemission and resonance processes of rare earth compounds within the
existing computation models [231], resulting in a sometimes poor matching of
the experimental data with the theoretical simulations. As the photoemission
and resonance spectra of compounds generally represent a complex convo-
lution of many overlapping peaks, the lack of corresponding theoretical cal-
culations, especially adapted to the present experimental problem, restricts
then often the evaluation and interpretation of the experimental spectra to
qualitative results, deduced by considering and analysing neighbouring exist-
ing data from the literature. For a closer understanding it would be useful to
obtain additional experimental information, especially spin and/or angle (E)
resolved data, in order to gain further insight into the nature of these com-
plex coupled processes which then in turn might lead to improved theoretical
models.







Chapter 7

Conclusion and perspectives

In this thesis, rare earth compounds, especially the series of RNiSb (R=rare
earth) compounds were investigated from various points of view in order to
reveal the different energy scales involved in their physical properties.

The electronic structure of the atomic shells was investigated by the
means of photoelectron spectroscopy, showing extended final state multi-
plets, split by around 30eV for the 4d and up to 8eV for the 4f final state
multiplet provoked by the strong correlations between the created core level
hole with the incomplete 4f shell. The valence band features were interpreted
with the help of calculations of the partial density of states identifying so
the contributions of R 4f 5d 6s, Ni 3d and Sb 5s 5p states. The energetic
position of the 4f peaks suffers a small chemical shift around 0.2eV in com-
parison with the pure RE metals towards higher binding energies due to the
bonding with Sh. Through variations in the shape of the Fanoresonance
profiles, taken at the 8S7/2, (°1,5P,°D} and (°G.°F,°H) Th peaks, different ex-
citation and deexcitation channels were resolved and qualitatively identified
related to unoccupied 4f states above the Fermi-level roughly one eV apart.

The DOS calculations revealed an intrinsic energy gap of around 200 meV
in the heavy RNiSb semiconductors. However, resistivity measurements at
temperatures between 200 and 300K gave a gap of 20 to 80 meV related to
donor/acceptor levels within the gap. Negative thermopower measurements
at room temperature show that electrons are the dominant charge carriers in
the investigated samples. By theoretical simulations, the conduction process
was identified to be controlled by activation of these donor/acceptor states
within the intrinsic gap. At low T, p is ruled by variable range hopping or
conduction in an impurity band according to the density of impurity states.
In these magnetic semiconductors, a giant magnetoresistance (GMR) was
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discovered, reaching —50% under magnetic fields of 8 Tesla. The ruling
mechanism was identified to be dominated by spin disorder scattering and
described successfully by the polarization of impurity states by the 4f shell.

"The series of RNiSb compounds reveals a wide range of magnetic proper-
ties ranging from paramagnets, ferromagnets, modulated structures to anti-
ferromagnets where the magnetic couplings are in the order of up to 2meV.
In the light RNiSb compounds, the magnetic coupling takes place indirectly
via the RKKY mechanism where the small wavevector kz at the Fermi-level
favours the observed ferromagnetic or modulated order. Contrarily, the heavy
rare earth compounds order antiferromagnetically with a propagation vector
C_j = (%, %, %) controlled by superexchange interactions, which are likely to be
of short range, dominated by nearest neighbour interactions.

Neutron spectroscopy allowed to investigate the ground state of these sys-
tems arising from the splitting of the LSJ ground multiplet through magnetic
interactions and the crystalline electric field (CEF) in the range from 0.1 to
10meV. Calculations on the basis on the resolved crystalline electric field
(CEF) scheme provided then the explanation for the observed direction and
rotation of the magnetic moments between the fourfold and twofold crystal
axes and the absence of magnetic order in certain configurations. Further,
the simulation of the magnetic resistivity incorporating the CEF proved the
Kondo effect to be present in CeNiSbh. Finally, as the smallest investigated
energy scale, the Kondo coupling in CeNiSb was determined to be about
0.5meV from the inelastic neutron scattering experiments.

Further research could involve the following: As related compounds (e.g.
CeSh, NiMuSb, PtMnSh) show a large magneto-optical Kerr effect [236], it
wotlld be interesting to investigate this behaviour also in RNiSh compounds.
The Hall effect and thermoelectric power would give the sign of the charge
carriers and specific heat measurements could provide the density of states
at the Fermi level n{(Er). The presented approach to identify the conduc-
tion mechanism and the amount of impurity states is not restricted to the
presently investigated system. It may also be employed as a characterization
method to analyse similar compounds and narrow gap magnetic semiconduc-
tors. Spin resolved resonant photoelectron spectroscopy measurements with
high resolution could provide important additional information helping to
describe more closely the resonance channels in these correlated compounds.
In the case that single crystals of these compounds become available, it would
be quite interesting to study anisotropy effects, and to perform angle resolved
photoemission experiments in order to map their band structure.
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Chapitre 1

Introduction

Les terres rares et leurs composés sont de haut intérét technique et plusieurs
nouveaux domaines d’applications arrivent car ils ont une large gamme de
propriétés physiques et chimiques. En prenant avantage des caractéristiques
de tous les éléments et en considérant les interactions entre eux, on peut sou-
vent créer un composé de terre rare qui a exactement les propriétés désirées,
qui sont adaptées specialement pour I'application prévue ou pour mieux rem-
placer d’autres matériaux existants.

Ce comportement vient principalement de la couche 4f des éléments terres
rares, qui est partiellement remplie. Cette couche est située prés du noyau
atomique avec des moments fortement localisés. En méme temps, leurs états
d’énergie sont situés dans la bande de valence (élargie); ils se trouvent proches
du niveau du Fermi pour les terres rares légéres et quelques eV au dessous
pour les terres rares lourdes. Tandis que le multiplet d’état fondamental
de la couche 4f peut étre décrit en général complétement par la mécanique
quantique et le couplage Russell-Saunders, la situation est trés complexe
pour les configurations excitées, & cause des corrélations fortes des électrons
A4f. Par conséquent, une grande partie de la description théorique des spectres
optiques n’est pas encore comprise complétement, particulierement quand il
y a des processus & N-corps. Donc, il reste encore beaucoup de travail pour
analyser le comportement des atomes de terre rare en interaction avec les
autres atomes du systeme.

La these présentée est consacrée 4 la caractérisation de quelques composés
de terres rares pour mieux comprendre les effets qui contrélent le comporte-
ment physique dans les composes fortement corrélés et linteraction entre
plusieurs échelles d’énergie. Particulierement, un centre d’intérét est la série
des RNiSb (R = différentes terres rares) parce qu’ils combinent les propriétés
causees par I'élément de terre rare avec la stucture électronique & bandes
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étroites dans ces composés hexagonaux ou demi-Heusler. Cect aboutit a des
propriétés qui varient fortement, particulierement entre ces composés avec
des éléments de terre rare légers et lourds. Elles varient par exemple de para-
magnétiques ou ferromagnétiques a des structures antiferromagnétiques. Les
composés avec une terre rare légére sont métalliques, tandis que ceux avec
une terre rare lourde sont des semiconducteurs magnétiques o nous avons
découvert une magnétorésistance géante.

Pour exécuter ces études, le groupe de composés a été étudié de différents
points de vue en utilisant un grand nombre de méthodes de caractérisation,
& savoir mesures magnétiques, de transport, de diffusion neutronique et de
photoémission. Comme on va le montrer dans le corps de la these, ces tech-
niques sont complémentaires dans le sens que chacune donne des informations
sur des niveaux d’énergie dans leur propre gamume et les résultats d’une tech-
nique sont souvent nécessaires pour analyser les données obtenues par une
autre méthode.

Par exemple, les moments magnétiques de la couche 4f diffusent les électrons
de conduction. Donc, ils influencent la résistivité électrique et la magnétoré-
sistance. Ces mécanismes de transport dépendent des états électroniques au-
tour de niveau du Fermi; particuliérement, le couplage des spins des électrons
4f entre eux et avec environnement explique les moments magnétiques. Le
champ cristallin électrique (CEF) est déterminé par les liaisons avec le réseau.
Il influe sur beaucoup de propriétés observées macroscopiquement {aiman-
tation de I"état fondamental, magnétorésistance) qui sont contrélées par la
population, la structure et symétrie des niveaux CEI".

Une partie importante de ce travail concerne l'utilisation de modeles
théoriques, qui forment une indispensable contribution pour interpréter les
données expérimentales. Pour chaque technique utilisée, les spectres ont été
soil simulés ou les données expérimentales ont été comparées et déconvoluées
avec les valeurs obtenues théoriguement. La description théorique a permis
de calculer des propriétés macroscopiques, mesurées directement. Par ex-
emple, la nature de la résistivité et le mécanisme de magnétorésistance ont
pu étre identifiés par la modélisation des différents processus de conduction,
basée sur des caleuls de la structure électronique. Ces calculs ont été aussi
nécessaires pour analyser les spectres de photoémission et les spectres de
résonance. Des simulations des spectres de diffraction élastique et diffusion
inélastique des neutrons ont permis de déterminer la structure magnétigue
et les niveaux du champ cristallin. En retour, ceux-ci ont permis de calculer
la. résistivité et la susceptibilité magnétique.

La structure générale de la these est la suivante: Apres cette introduc-
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tion, le chapitre (2) présente le groupe étudié des composés de terres rares, et
leurs structures cristallines déterminées par diffraction des rayons-X. Apres,
les diverses propriétés magnétiques sont étudiées avec ’aide de 'aimantation,
la susceptibilité et de mesures de diffraction élastique des neutrons {chapitre
3). Le chapitre suivant (4) est consacré aux propriétés de transport électrique
ainsi que leur modification sous un champ magnétique. 1l est suivi par
I'analyse du champ cristallin déterminé par diffusion inélastique des neutrons
(chapitre 5). Puis, la structure électronique est examinée dans le chapitre
(6). Le centre d’intérét est mis sur les états dans la bande de valence qui
est responsable de beaucoup de propriétés. Iis sont déterminés par une anal-
yse par spectroscopie des photoélectrons et par des techniques de résonance.
Le chapitre final contient les conclusions de ’étude et des directions possi-
bles pour un travail futur. Au début de chaque chapitre, des informations
théoriques sont présentées brieverment.



Chapitre 7

Conclusion et perspectives

Dans cette these, des composés de terre rare, particulierement la série des
RNiSh (R= terre rare) ont été étudiés de plusieurs points de vue pour révéler
les differentes échelles d’énergie impliquées dans leurs propriétés physiques.

La structure électronique des couches atomiques a été étudiée par la spec-
troscopie des photoélectrons. En saison des corrélations entre la couche 4f
incompléte et le trou créé dans les couches internes, nous avons observé un
éclatement des spectres de multiplets, d’environ 30 eV pour les états 4d et
de 8 eV pour les multiplets 4f. Les caractéristiques de la bande de valence
ont été interprétés avec l'aide des calculs de la densité partielle d’états, qui
permettent de séparer les contributions des états R 4f 5d 6s, Ni 3d et Sb 3s
5p. La position de I’énergie des pics 4f a un petit décalage chimique autour
de 0.2eV vers une énergie de plus forte liaison, comparée avec la position
des terres rares pures, & cause de la liaison avec Sb. Par les variations de
la forme des profils de la résonance-Fano, obtenus sur les pics 8S7s,, (°1, ®P,
D) et (°G, °T, ®H) de Tb, on a pu résoudre et jdentifier qualitativement des
canaux différents d’excitation et de deexcitation reliés aux états 4f inoccupés
au dessus de niveau de Fermi qui sont séparés par environ un eV,

Les calculs de densité d’états ont révélé un gap d’énergie autour de
200 meV dans les composés semiconducteurs des terres rares lourdes. Cepen-
dant, les mesures de la résistivité entre 200 et 300 X ont donné un gap de 20 a
80 meV relié aux niveaux donneurs/accepteurs dans le gap. Des mesures du
pouvoir thermo-électrique négatif ont montré, que & température ambiante,
les porteurs principaux sont des électrons dans les échantillons etudiés. Par
des simulations théoriques nous avons montré que le processus de conduc-
tion est contrdlé par lactivation de ces états donneurs/accepteurs dans le
gap infrinséque. A basse T, p est gouvernée par les sauts a distance variable
ou par conduction dans une bande d’impuretés selon la densité de defauts.




Dans ces semiconducteurs magnétiques, une résistance magnétique géante a
été découverte, atteignant -50% sous des champs magnétiques de & Tesla. Le
mécanisme a été identifié comme la diffusion par le désordre de spin et a été
decrit avec succes par la polarisation des états d’impuretés par la couche 4f.

La série des composés RNiSb montre une large gamme de propriétés para-
magnétiques (Y,La,Pr,Lu), ferromagnétiques (Nd), antiferro (Th,Dy,Ho,Er).
Le couplage magnétique atteint 2 meV. Dans les composés de terres rares
légeres RNiSb, le couplage magnétique se constitue indirectement par le
mécanisme RKKY, ol un petit vecteur kr au niveau de Fermi favorise 'ordre
ferromagnétique ou modulé qui est observé. Par contre, les composés de ter-
res rares lourdes RNiSb ont un ordre antiferromagnétique avec un vecteur de
propagation () = (1, 3, 3) contrdlé par les interactions de superéchange, qui
sont probablement & courte distance, dominées par les interactions entre les
atomes voisins les plus proches.

La spectroscopie neutronique a permis d’étudier 1’état fondamental de
ces systemes, venant de la séparation du multiplet LSJ d’état fondamental
par le champ électrique cristallin (CEF) dans la gamme d’énergie de 0.1 eV
a 10meV. Des calculs sur la base de I'arrangement des niveaux de champ
cristallin électrique (CEF) ont donné une explication de la direction et la
rotation observées des moments magnétiques entre les axes d’ordre 2 et 4
du réseau (Th,Ho) et I'absence de I'ordre magnétique dans certaines config-
urations (Pr). En plus, la simulation de la résistivité magnétique, en util-
isant une théorie de Cornut-Cogblin incorporant le champ cristallin, a prouvé
lexistence de l'effet Kondo dans CeNiSb. Finalement, I’échelle d’énergie la
plus petite observée, est le couplage Kondo dans CeNiSb qui est environ
0.5meV d’apres les mesures de diffusion inélastique des neutrons.

Les perspectives de recherches pourraient étre les suivantes: Puisque des
composés proches {p.e. CeSh, NiMnSb, PtMnSb) montrent un grand ef-
fet Kerr magnéto-optique, il serait interessant d'étudier ce comportement
aussl dans les composés RNiSh. L’effet Hall et le pouvoir thermoélectrique
donneraient le signe des porteurs de charge et des mesures de la chaleur
specifique pourraient apporter la densité d’etats n( Er) au niveau de Fermi.
L’approche présentée pour identifier le mécanisme de conduction et la na-
ture des défauts n’est pas limitée au systéme présent. Elle pourrait aussi
étre utilisée comme méthode de caractérisation pour des composés similaires
et pour les semiconducteurs magnétique de faible gap. Des mesures de la.
photoémission résonante résolue en spin pourraient apporter des informa-
tions supplémentaires necessaires, qui alderaient & décrire plus précisement
les canaux de résonance dans ces composés corrélés. Au cas oi des mono-



cristaux de ces composés deviendraient disponibles, il sera tres intéressant
d’étudier les effets d’anisotropie et d’exécuter des mesures de photoémission
résolues en angle pour déterminer la structure de bandes.
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