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by
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Abstract

This master’s thesis aims to investigate the peak separation observed by Hazel Reardon and Jonas
Ruby Sandemann with Powder X-ray Diffraction (PXRD). The peak separation is reported in
literature observed with neutron diffraction and PXRD. It is known that CeSix (x = 2 − δ)
compounds change greatly based on stoichiometry. For compounds with a stoichiometry close
to x=1.90 literature reports peak separation upon cooling below room temperature.

Five compounds with varying x were synthesised through arc melting by the author. One
compound showed a satisfying I41/amd symmetry, matching what had been synthesised by
Reardon previously. This work presents multi-temperature PXRD measurements of two CeSix
compounds with I41/amd symmetry, sample IW synthesised by the author and sample HR
synthesised by Reardon, measured at BL44B2 at SPring-8 in the temperature range 100–1000 K.
The Si content was calculated from Rietveld refinements at RT for HR to x=1.97–1.98 and for
IW to x=1.89–1.90. Peak separation was observed in sample IW and HR upon cooling below
room temperature. Two phases with I41/amd symmetry was successfully modelled to the data.
The two-phase model yielded better visual representation and improved agreement factors for
both data-series. The HRIP data are described better with a two-phase model as well.

A sudden decrease in the value of unit cell parameter "c" of phase 2 is observed in IW data
between 225–250 K and in HR data between 125–150 K. The IW data show annealing as the
sample is heated, a process beginning at 600 K and extending to 1000 K, where impurities are
incorporated into the main phases changing the peak positions permanently. The HR data show
signs of slight annealing despite previous heating on the now-retired Image Plate detector at
BL44B2 at SPring-8.

Debye temperatures are calculated for the samples. However, the model experience chal-
lenges when describing the high-temperature data, thus the resulting Debye temperatures are
questionable.

Pair Distribution Function (PDF) analysis is performed on the HR and IW data by Jonas
Beyer, the results support what is found through PXRD analysis. Qbroad,L for the HR and IW
data show signs of micro-stain released with heating. An apparent strain release also occurs in
sample IW upon cooling below room temperature. However, this low-temperature strain release
is reversible.

PXRD refinements show that the micro-strain mainly decreases for phase 2. The sudden
change in c-axis value for phase 2 in sample IW is not correlated to the sudden change in
X-parameter value.
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Undersøgelse af opsplitning i diffraktionstoppe for prøver med
CeSix sammensætning ved brug af pulver røntgendiffraktion

af
Ida Wivel Holm

(au509131)

Dansk resumé

Målet med denne kandidatafhandling er, at undersøge den opsplitning af diffraktionstoppe ob-
serveret med pulver røntgendiffraktion (PXRD) af Hazel Reardon og Jonas Ruby Sandemann.
Opsplitning af diffraktionstoppe er rapporteret i litteraturen observeret med neutrondiffrak-
tion og PXRD. Det er almindeligt kendt at CeSix (x = 2 − δ) forbindelser forandres meget
afhængig af støkiometrien. For forbindelser med en støkiometri nær x=1.90 angiver litteraturen
en opsplitning af diffraktionstoppe når der køles til temperaturer under stuetemperatur. Fem
forbindelser med varierende x er blevet syntetiseret med elektrisk lys-bue smeltning af forfatteren.
Én forbindelse viste tilfredsstillende I41/amd symmetri, tilsvarende den forbindelse H. Reardon
havde syntetiseret tidligere. Denne afhandling præsenterer multitemperatur PXRD målinger fra
BL44B2 på SPring-8 i området 100–1000 K af to CeSix forbindelser med I41/amd symmetri,
prøve IW syntetiseret af forfatteren og prøve HR syntetiseret af H. Reardon. Silicium indholdet
er udregnet ved stuetemperatur gennem Rietveld forfininger til x=1.97–1.98 for prøve HR og
x=1.97–1.98 for prøve IW. Opsplitning af diffraktionstoppe er blevet observeret for prøve IW
og HR ved køling. To faser med I41/amd symmetri er succesfuldt blevet modelleret til dataen.
Dobbelt-fasemodellen resulterer i en bedre visuel repræsentation, samt forbedrede R-værdier for
begge data-serier. HRIP dataene er ligeledes bedre beskrevet med en dobbelt-fasemodel. En
pludselig reducering i værdien af enhedscelleparameter "c" i fase 2 er observeret for IW dataene
mellem 225–250 K, og for HR dataene mellem 125–150 K. IW dataene viser tegn på udglød-
ning når prøven bliver varmet, en proces der begynder ved 600 K og forsætter til 1000 K hvor
urenheder bliver inkorporeret i hovedfasen, hvilket permanent ændrer positionen af diffraktion-
stoppene. HR dataene viser letter tegn på udglødning trods tidligere PXRD-målinger ved 1000
K på den nu-pensionerede billede-plade detektor på BL44B2 på SPring-8.

Debye temperaturen for prøverne er udregnet. Dog oplever modellen udfordringer i forhold til
at beskrive højtemperaturdataene korrekt. Derfor er de resulterende Debye temperaturer yderst
tvivlsomme.

PDF analyser er udført af Jonas Beyer på HR og IW data. Resultaterne herfra støtter hvad
der blev funder gennem PXRD forfininger. Qbroad,L for HR og IW dataene viser tegn på frigivelse
af mikro-belastninger i krystalgitteret gennem opvarmning. En umiddelbar belastningsfrigivelse
opstår ligeledes når prøve IW bliver kølet til 100 K. Denne lavtemperatur belastningsfrigivelse er
dog reversibel. PXRD forfininger viser at frigivelse af mikro-belastninger primært sker i fase 2.
Den pludselige ændring i c-akse værdi for fase 2 hænger ikke sammen med en pludselig ændring
i X-parameter værdi.
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reproducing the peak separation observed in HRIP.

In the following work a silicon deficiency in the alloy CeSi2 will be denoted as CeSix where
x = 2− δ, δ being the silicon deficiency.

When referring to the tetragonal symmetry or a tetragonal unit cell it is the α-ThSi2 structure
of CeSix with I41/amd symmetry. When referring to the orthorhombic symmetry or orthorhom-
bic unit cell it is the GdSi2 structure of CeSix with Imma symmetry.
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what has been investigated in earlier times and which conclusions are drawn. This will give a
change of perspective when held together with the results presented in this work.
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2
Introduction

Inorganic materials are at the core of our society, from the concrete we build our houses on, to
the way we exchange and store information and energy. Materials science studies the connection
between structure, properties, performance and processing with thorough characterisation as a
key to better understanding.

Many inorganic materials are arranged in lattices which can be described with a small re-
peatable unit, the unit cell. Finding the structure and properties of the unit cell will in turn
yield information about the entire material.

Some materials change greatly with slight variations in composition. The literature study com-
posing the introduction to this work will be concerned with the phase diagram and production
methods of Cerium (Ce)– Silicon (Si) compounds and the different properties of CeSix com-
pounds. A section is dedicated to the phase separation observed in compounds with compositions
close to a CeSi2 stoichiometry. Different speculations on the cause of the separation as well as
how the observations have been made are included.

2.1 Ce silicides

With the beginning of semiconductor technology came an increased interest in rare earth (RE)
silicides. Ce silicides were studied thoroughly in the 1980s an ’90s. It was suggested in 1982 that
the unit cell of CeSi2 could be viewed as two sublattices made of Ce and Si, respectively. The
rigid Si sub-lattice is important when forming the α-ThSi2 structure (I41/amd) which is only
found in silicides and germanides, see fig. 2.1[1].

Figure 2.1: From paper by
Murashita et al.: The unit cell of
CeSi2(I41/amd)[2].

Satoh et al. showed that the α-ThSi2 structure is stable in
many non-stoichiometric variations[3]. It has been observed that
the unit cell (UC) volume does not decrease correspondingly to
decreasing Si content. This is attributed to the rigid Si sub-
lattice spanning the unit cell. The sub-lattice will incorporate
increasing amounts of vacancies as the Si content decreases with-
out changing the structure of the lattice and thus only decreasing
the volume slightly[4][3].

2.2 Phase diagram

RE-Six compounds are most commonly found as one of three
crystal structures: ThSi2 (I41/amd), GdSi2 (Imma) and AlB2

(P6/mmm).

1
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As the Si content decreases from x=2.00 the compounds change from a I41/amd symme-
try to Imma symmetry where the orthorhombic symmetry can be viewed as a distortion of the
tetragonal symmetry[5][6]. The hexagonal symmetry is rather different from the tetragonal– and
orthorhombic symmetry and will not be discussed further in this thesis.

The Ce-Si phase diagram has been excessively studied. Different variations have been proposed
over the years and even now a well-established phase diagram does not exist. All this hassle with
deciding on a phase diagram originates from the difficulties associated with handling the high
melting temperatures and the high reactivity of Ce–Si compounds. The low-temperature range
of the phase diagram has been investigated by many using polycrystalline materials[5][2][7].

Figure 2.2: From paper by Bulanova et al.: The binary
phase diagram of the Ce-Si system[8].

In 2002 Bulanova et al. revised the Ce-Si
phase diagram based on alloys prepared by
arc melting and studied with X-ray diffraction
(XRD), metallography and Differential Ther-
mal Analysis (DTA). Two closely related disili-
cides were found, named CeSi2−a1 with Imma
symmetry and CeSi2−a2 with I41/amd sym-
metry, see fig. 2.2.

In 2004 Souptel et al. build on the phase
diagram by Bulanova et al. but with inves-
tigations made on single-crystals. Direct de-
termination of the Si content in CeSix can be
very tricky as some of the features of the Si
and Ce atoms will create large errors in conventional chemical analysis methods. Therefore most
literature does indirect composition estimates instead[9].

Other single-crystal studies was made in the 1980s and ’90s[10][11]. However, the composition
of these crystals is often estimated through comparison of low-temperature specific heat coeffi-
cients to polycrystalline samples, which is a less reliable method than the one used by Souptel
et al..

Figure 2.3: From paper by Souptel et al.: A mod-
ification to the binary phase diagram of the Ce-Si
system around the region of CeSi2[9].

Before the revision by Bulanova et al. a congruent
melting at x=1.86 and 1620°C to a I41/amd sym-
metry was widely accepted as well as an incongruent
melt at 1560°C to Imma symmetry. The homogene-
ity range of the I41/amd symmetry was believed to
be 1.78<x<2.00.

Later a homogeneity range of 1.6<x<2.0 was
proposed for CeSix compounds, with the struc-
ture depending on the Si content – Imma sym-
metry for 1.6<x<1.8 and I41/amd symmetry for
1.8<x<2.0[2][7].

The revision by Bulanova et al. led to the belief of a congruent melt of Imma symmetry at
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x=1.70 and 1725°C and an incongruent melting of the I41/amd symmetry at 1575°C[8].
Souptel et al. proposed a slight modification to region around the disilicides. They observe

that the orthorhombic phase solidifies on both sides of the maximum melting temperature, which
they find to be 1715°C compared to the 1725°C found by Bulanova, see fig. 2.3. Furthermore,
they argue that the method they use for determining the stoichiometry is more reliable than the
one used by Bulanova et al.. The modification of the phase diagram should therefore be valid.
Apart from this minor detail, Souptel et al. agrees with Bulanova et al.. Neither Souptel nor
Bulanova observes a congruent melt of the tetragonal structure[9].

2.3 Production of Ce-Si compounds

The production of Ce-Si compounds comes with a set of challenges. In many cases RE metals
come with some amount of oxygen impurities from the production companies. If the melting
temperature of the RE-compound is >1500°C (as it is when producing Ce-Si compounds) two
oxygen related reactions will compete. If Si is present, then volatile SiO can be formed. SiO
will evaporate with the high temperatures and condensate on the cooler parts of the reaction
chamber[12][13]. Oxygen might also react with Ce forming CeO2 or Ce2O3 as the free energy of
formation of these oxides is very large. The oxideformation will decrease either the Si– or Ce
content in the final sample. An oxygen content of 1 mol% is not unusual in RE metals and thus
the impurities can change the stoichiometry of CeSix with x±0.01[14].

The oxygen reactions have been thoroughly studied, especially in single-crystal growth, as it is
possible to reduce the oxygen impurity content from the feed rod to the single-crystal to one-
ninth through silicothermic reactions[9]. Other results point at the same reactions happening
during arc melting[14].

2.3.1 Arc melting

Arc melting followed by heat treatment has been the general method of synthesising Ce-Si com-
pounds since the 1980s[4]. Arc melting is a simple technique that is based on placing the starting
elements of the compound in an electric arc. The arc is created through a charge build-up of
electric field from the DC power that is applied to the conducting probe. The arc creates tem-
peratures up towards 3500°C[15].

Literature states that arc melting is always performed under an argon atmosphere due to the
high reactivity of Ce and Si with oxygen. Stoichiometric amounts of the two elements is often
used[5], as well as several remelts to ensure homogeneity[7][16].

Often an annealing step is conducted after the arc melting, but it differs greatly how it is
executed. Either in vacuum at 1100 °C for 14–18 days[5][14], at 900°C in vacuum for 48 hours
and then quenched in ice water[7][16] or at 950 °C for 7 days[17].

Some papers report a weight loss during arc melting of 0.3–1%, either undefined[14][7][16] or as a
specified loss of Si[17]. Others does not report a weight loss at all[5][4].
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2.3.2 Single crystal growth

Several different techniques can be used to grow CeSix single-crystals. Already in 1984 did Sato
et al. use a floating zone technique to grow a single-crystal of the CeSi1.86[18].

Another technique for single-crystal growth is Radio-Frequency-melting in Hulkin-type cold
copper crucible under pure argon followed by annealing in the same crucible at 800–850°C for a
couple of hours. Single-crystals can then be grown by the Czochralski technique as described by
Thomas et al.[19], a set-up used by many[6][20][11].

In 2004 Souptel et al. did a novel systematic study of CeSix single-crystals with a large
variation in composition of the feed rods and the growth parameters. The single-crystals were
grown with a vertical floating zone technique using either optical or radiofrequency– or induction
heating. Perfect, crack-free, single-phase, single-crystals were only obtain for a narrow interval
of feed-rod compositions 1.81<y<1.82. Souptel et al. investigated the UC parameters of the
single-crystals by XRD. They found the lattice parameters for the high-quality crystals to be
significantly smaller than previously reported by Lee et al. and Pierre et al.[9].

Souptel et al. observed small Si inclusions of <20µm near the surface of the single crystal when
using a feed rod of CeSiy 1.82<y. The Si inclusions did not form new grains and thus the property
of the single-crystals was maintained. However, cracks were formed around the Si inclusions to
relieve stress in the structure. If y<1.80 CeSi inclusions are formed.

Souptel et al. showed that a heat treatment of 800–1000°C for 24–100 hours dissolved almost
all Si– and CeSi inclusions in the single crystals[9].

Souptel et al. observed the same lamella structure as Bulanova et al. but they observed the
lamellas disappearing after polish, only to reappear when the single-crystal had been exposed
to air for a certain amount of time. Thus they attribute this to surface oxidation rather than a
solid-state transformation[9].

2.3.3 Mechanochemical processing

A third and more rarely used method of preparing Ce silicides is through mechanochemical
processing. This is done with high energy ball milling which is a self-enclosing technique believed
to limit the loss of Ce and Si in the process. The milling is done under argon atmosphere, with
a ball to powder ratio of 10:1, 500 rpm for 5 minutes to 8 h. Five different Ce silicides were
successfully prepared this way by Alanko et al.. They successively produced CeSix compounds
with I41/amd symmetry and Imma symmetry[21].

2.4 Properties of Ce-Si compounds

The properties of Ce-Si compounds vary greatly with the Si content. The following subsections
will hopefully provide a perspective on how the properties are related to the composition of
CeSix.
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Magnetic properties

The magnetic properties have been investigated by many and most researchers agree in broad
terms. The misalignments of results might be attributed to fluctuations in Si content. Many
researchers assume a very exact composition of CeSix, without describing how they know this to
be the true composition.

1.85≤x≤2.00 When the stoichiometry of the CeSix compound is 1.85≤x≤2.00 an intermediate-
valence state is formed which is nonmagnetic even at extremely low temperatures[5][4]. Yashima
et al. states that the intermediate valence state will arise when the Fermi level and the 4f elec-
trons of the Ce atoms approach each other. The variance in Si deficiency change the number of
electrons in the conduction band thus defining how close the 4f electrons and the Fermi level is[4].
Furthermore, Yashima et al. proposed that CeSix is a Fermi liquid at very low temperatures for
x=2.00, x=1.90 and x=1.85 with a Debye temperature of 302 K for x=2.00[1][4]. The same is
found by Pierre et al. for CeSi1.85[11]. The results are also supported by Sato et al.[22][18].

Lee et al. states that CeSi1.85 orders magnetically at 1 K[5] whereas Murphy et al. found
CeSi1.85 to be paramagnetic down to 1.5 K[7][16].

x<1.85 Yashima et al. found the CeSix compound to have a transition from nonmagnetic
to ferromagnetic around 10 K for x<1.85[23].

1.80<x<1.84 For x≤1.80 CeSix shows a sharp magnetic transition[4] which will turn into
a broader feature with no exact magnetic transition temperature for 1.80<x≤1.84[24]. Lee et al.
finds that a magnetic order occurs for 1.80<x<1.85, but with the accurate onset temperature
difficult to determine. They explain this with a weakening in magnetic interactions when the
Si content exceeds x=1.80 because the Ce–Ce distance becomes too great. Thus the magnetic
onset temperature (Tm) decreases steadily leaving the compound nonmagnetic at x≥1.86[5].

x=1.80 Depending on (unspecified) heat treatment CeSi1.80 was found to be either ferro-
magnetic (Tm = 12 K) or paramagnetic by Murphy et al.. They suggests that this is connected
with an ordering of vacancies in the Si sub-lattice of CeSi1.80. They believe the ordering of va-
cancies to be more important for the magnetic behaviour than the electron concentration[7][16].

Lee et al. finds Tm = 12.6 K in CeSi1.80[5].

x<1.75 A structural phase transformation from I41/amd symmetry to Imma symmetry
occurs when the Si content decreases below x=1.75. In the Imma symmetry the Tm sabilises
around 11.7 K[5]. This is confirmed by Smith et al.[25].

Lee et al. concludes that the stable Tm in the Imma symmetry is closely related to the short-
est Ce–Ce distance in the unit cell. In the orthorhombic unit cell two Ce–Ce distances change
with decreasing Si content. The Ce–Ce distance in the c-direction on the a-face decreases with
decreasing Si content. While the Ce–Ce distance in the c-direction on the b-face increases with
decreasing Si content. The two distances thereby compensate for each other keeping the Tm

stable around 11.7 K[5].
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Generally, is the change from non-magnetic to ferromagnetic behaviour at low temperatures
with decreasing Si content attributed to a cross-over between Kondo effect and Ruderman-Kittel-
Kasuya-Yosida (RKKY) exchange interactions. The Kondo effect favours a non-magnetic ground
state[26] where the RKKY interactions favours long-distance exchange coupling between magnetic
moments[27][28][29] leading to ferromagnetism in the CeSix compounds.

Lee et al. investigates this and concludes that as the Si content increases above x=1.80 the
RKKY interactions are weakened leading to a rapid decrease in Tm. The Kondo effect takes over
and dominates the RKKY interactions thus favouring a non-magnetic ground state[5].

2.4.1 Susceptibility and resistivity

Sato et al. found that CeSix shows a strong anisotropy in magnetic susceptibility in the tem-
perature range 1.2–300 K. They expect this to arise from the tetragonal symmetry around Ce
atoms[22][18]. This is supported by Laborde et al. observed on a CeSi1.86 single-crystal[30].

Figure 2.4: From paper by Pierre
et al.: Resistivity of CeSi1.86 near
anomaly with current along a-axis
(+) or along the c-axis (o)[11].

Gschneidner et al. found a step-like increase in resistivity in
CeSix compounds for x=1.852 and x=1.855 at 225 K and 280
K respectively. They investigated the samples x=1.855 with
XRD and found it to be single-phase and with no structural
transformation in the temperature range 30–300 K. The step-
like increase in resitivity only seemed to exists for a very narrow
composition interval, 0.2 at%, and thus not for x=1.860[31].

It should be mentioned that Gschneidner et al. prepared
their samples by arc melting and, as seen above, some difficulties
related to the final composition of the sample should be taken
into consideration, which they are not. The validity of the very
exact composition should be considered carefully.

Houssay et al. found an anomaly in the resistivity of CeSi1.86 around 240 K. They speculate
if this anomaly arises from vacancy ordering[6]. Pierre et al. observed resistivity anomalies in a
single-crystal with x=1.86 at 260 K, see fig. 2.4. They attribute this to a structural mechanism[11].
This is supported by Hill et al.[17].

2.4.2 Specific heat

The specific heat has been measured from 0.1–70 K by Yashima and Satoh who concludes that
for 1.85≤x≤2.00 CeSix does not show signs of a phase transition[4]. Dhar et al. followed up on
this investigation by measuring heat capacity 1.5–20 K on samples with x=1.83, 1.85 and 1.90.
The heat capacity measurement does not agree with those of Yashima and Satoh. Dhar et al.
suggests that the compositions of the samples made by Yashima and Satoh should be shifted by
x=0.01 to higher Si concentrations, due to oxygen forming oxides with the Ce atoms[14].

2.4.3 Thermoelectric properties

Regarding thermoelectric properties the Seebeck coefficient for CeSi2 was found to increase with
increasing temperature in the interval 240–380 K from –62 to –43µV/K. Morozkin et al. reported
a zT value for CeSi2 of 0.086 at 240 K, decreasing with increasing temperature[32].
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2.5 Phase separation

As Ce silicides are somewhat difficult to produce the samples are often investigated with either
metallography or XRD to see if they are single-phase. Thus for x=1.83, 1.85 and 1.90 samples are
reported to be single-phase and homogeneous by several. For x=2.00 some find a small amount
of a second phase that could not be dissolved through prolonged heat treatment, others claim
the compound to be single-phase[14][17][31][33].

Madar et al. were the first to report that CeSi1.86 containes two tetragonal phases of I41/amd
symmetry with slightly different UC parameters. The two phases are distinguishable below 260
K where they separate visibly. The phase separation is fully reversible and comparable to the
one reported by Dijkman for PrSi2[33]. Madar et al. propose that the vacancies in the Si lattice
are unordered in one phase and ordered in the other[20].

As the temperature decreases from 200 K to 80 K they see an increase in ordered phase.
The ratio between the phases stabilises at 2/3 unordered phase and 1/3 ordered phase below
80 K. They argue that since the proportions of the phases vary, the composition of the phases
must change correspondingly with temperature. Thus the phase separation will stop when the
disordered phase reaches the homogeneity limit, or when the diffusion of Si atoms, and thereby
ordering of vacancies, are frozen in at low temperature[20].

Madar et al. used the D2B beamline at ILL for neutron powder diffraction on polycrystalline
CeSi1.90. This sample was prepared by radio-frequency melting stoichiometric amounts of Ce
and Si in a Hulkin type cold crucible under argon, followed by an annealing in the same crucible.
The sample was measured at 280 K, 200 K, 80 K and 4 K. Scattering data was collected to 100°
with a wavelength λ=1.594 Å. They observe splitting of peaks with high l-value at and below
200 K. The phase that appears through separation has a lower c-axis value.

Transmission electron microscopy (TEM) was performed on the CeSi1.86 single-crystal pre-
viously used by Pierre et al. for the magnetic and transport measurements seen in fig. 2.4.
The composition of the single-crystal is determined by comparison of UC parameters and the
Archimedes method. Single-crystal diffraction shows a slight ring around the central spot, which
Madar et al. attribute to a thin layer of CeO2. From the single-crystal diffraction data it is
concluded that the separation begins at 250 K, based on new spots which arise (reversibly) at
this temperature. This is compared to the clear turnover point in the resistivity found by Pierre
et al. for the same crystal at 260 K. It is concluded that the phase separation sets in at 260 K,
is fully reversible and that the that the two phases do not coexist above 280 K[20].

Due to the temperature range only local diffusion of Si atoms are possible. This means that
the separation either occurs from vacancy ordering leading to a volume reduction (Madar et al.
argues strongly for this), or because the composition of the two phases are different in agreement
with Gibbs rule. If much strain is present Madar et al. argues that the transformations might
be halted before completion. Finally, a supercell is thought unlikely as they did not observe
addition peaks at low scattering angles[20].

Murphy et al. performed neutron diffraction on CeSix, x=1.80 and 1.85 at beamline D2B at
ILL, and supports the results by Madar et al.. The variations in lattice parameters for CeSi1.85
found by Murphy et al. are comparable to what Madar et al. found, but with finer temperature
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resolution, see fig. 2.5. Above 250 K, the two phases might be inverted, within the uncertainties[7].

Figure 2.5: From paper by Murphy et al.: Varia-
tion in lattice parameters with temperature for
the two tetragonal phases of CeSi1.85. Refine-
ments show a Si-"rich" phase (x'2) and a Si-
"poor" phase (x'1.8)[7].

Murphy et al. states that Madar et
al. are not fully able to conclude if the
two structural phases do or do not coexist
above 280 K, as peak splitting is only seen
at high scattering angle above 250 K. Madar
et al. only gathered diffraction data up to
100° in 2θ thereby not taking full advantage
of what resolution the D2B diffractometer can
produce[7]. The D2B diffractometer at ILL
is capable of measuring Bragg reflections in
the angular range 4-160°[34]. High resolution
and large 2θ values are needed as the lat-
tice parameters only differ slightly between the
phases.

Kohgi et al. also reports the coexistence of two
tetragonal phases for CeSi1.90 measured with neu-
trons on KENS in Japan. They find the two phases
to have the same a-axis, but a slight difference
(1.5%) in the c-axis at low temperatures. The phase
with the shorter c-axis appear below 200 K (they
call this phase LT, where Madar called it "ordered"), and the intensity of this phase increase as
the temperature decreases. This leads Kohgi et al. to interpret their results as a temperature
dependent ratio between the two phases, similar to Madar et al.. However, they calculate the
ratio between the two phases to be LT:HT (or ordered:unordered) 64:36 at 20 K[35] which is the
opposite relation compared to what Madar et al. found.

Contrary to Madar et al. and Kohgi et al., Murphy et al. find their results to indicate a
fixated ratio between the two phases and a coexistence extending to 300 K[7].

2.5.1 Thermodynamics

Murphy et al. suggests that a slight distorting the crystal lattice from I41/amd symmetry to
Imma symmetry will split the Si lattice sites in two inequivalent groups, as the a- and b-sides
are slightly different. Considering Helmholtz free energy, F = U −TS, where F is the Helmholtz
free energy, U is the internal energy of the system, T is the temperature of the system in Kelvin
and S is the entropy of the system, it is seen that when holes are equally distributed in the
structure, the entropy is maximised at elevated temperatures leading to a small free energy. At
low temperatures the internal energy of the system must be minimised to lower the free energy.

A distortion of the lattice would result in different energy of Si sites. Thus F can be minimised
if Si atoms are allowed to preferentially occupy the sites with lowest internal energy.

A simple thermodynamic model is presented indicating an ordering of vacancies on the Si
site in one of the phases. If it is assumed that the free energy is a concave function of the hole
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concentration a phase separation will occur when eq. (2.1) is fulfilled. This will cause two phases
with different hole concentration to have a lower free energy than one phase with holes equally
distributed, see fig. A.1a in Appendix A.

F (z −∆z) + F (z + ∆z) < 2F (z) (2.1)

where F is the free energy and z is the vacancy concentration.
Murphy et al. did find some experimental evidence for this hypothesis, as CeSi1.80 shows

different magnetic ground states depending on heat treatment. However, they have no comments
on CeSi1.85, and in general the paper lacs a show of data to support the statements made[16].

2.5.2 Phase separation with XRD

CeSix is well-studied by X-rays, where most of the papers report single-phase samples. Thus,
for many years it has been necessary to use neutron measurements to see a phase separation in
CeSix compounds as a function of temperature[20][17][31].

Murashita et al. were the first to present a thorough study of CeSix (x=2.00, 1.90, 1.85 and
1.70) using XRD where peak separation at low temperatures were found. Data was collected
to 180° in 2θ, 10–273 K in steps of 10-15 K with an unspecified wavelength. No peak splitting
was observed for x=2.00. For x=1.90 Murashita et al. found splitting of (00l) peaks at low
temperature, but no splitting of (ll0) peaks and they interpret the ratios between the two phases
to be temperature-dependent[2]. This supports what is reported by Madar et al..

For CeSi1.90 the two phases (HT and LT) show different c-axis value at low temperature, but
similar a-axis and a decrease in c-axis value from 200 K to 150 K, whereas the LT-phase shows
almost no change in c-axis from 10-200 K.

Figure 2.6: Modified from paper
by Murashita et al.: A modified
colour coded sketch of the unit cell
of CeSi2

CeSi1.85 is dominated by a LT-phase at 10–240 K with
the HT-phase overtaking at 250 K. When increasing the tem-
perature further the HT-phase rapidly increase in intensity
and at 273 K it has completely replaced the LT phase.
The samples with x=1.80 and x=1.70 shows no sign of peak
separation[2].

Murashita et al. propose that the phase separation is related
to a crystal instability. They argue that since Si forms a sub-
lattice with a three dimensional (3D) graphite structure every Si
atom will have three neighbouring Si atoms and six neighbouring
Ce atoms. As there will be one distance between a chosen Si
atom and four of its neighbouring Ce atoms and another distance
between the Si atom and the remaining two Ce atoms the atomic
potential of the crystal is asymmetric in the c-direction, but
symmetric in the a-direction. The same goes for the distance
between the Si-Si atoms in sets of two and three including the chosen Si, see fig. 2.6.

At elevated temperatures a high entropy will be favoured. But at low temperatures Murashita
et al. propose that a second minimum in potential energy can be found for x=1.90 and x=1.85
in addition to the minimum found at room temperature. They argue that this may arise from
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vacancies in the structure and that a barrier of potential energy between the two minima could
explain the first-order transition they observe as well as the coexistence of two structural phases,
see fig. A.1b in Appendix A. They admit it is many speculations but believe it is a valid way of
describing the data they observe[2].



Section

3
Methods

During this master’s thesis a variety of different techniques have been applied to synthesise and
characterise CeSix samples. Especially XRD and Rietveld refinements have been a large part
of the work. Other methods such as X-ray fluorescence (XRF) analysis, Transmission Elec-
tron Microscopy with Energy-dispersive X-ray spectroscopy (TEM-EDX), Differential Scanning
Calorimetry (DSC) and Inductively Coupled Plasma (ICP) analysis have been used in an attempt
to find methods capable of supporting the results found through XRD. However, as XRF analysis,
TEM-EDX, DSC and ICP analysis each showed different limitations when applied to the CeSix
compounds neither the methods nor the insufficient results will be discussed further in this thesis.

This chapter describes methods in theory. Chapter 4 will describe the exact parameters, mea-
surements and decisions applying to each method when used in this thesis.

3.1 Arc melting

Arc melting is an easy and straight forward method that produce samples within seconds. It is
a widely used technique for production of CeSix compounds as discussed in chapter 2.

The arc is generated between a conduction probe and the water-cooled copper crucible where
the starting elements are placed. The probe is brought into proximity of the crucible and a
large DC power is applied. This leads to a charge build-up which forms an arc between the
electrode (probe) and the cathode (crucible). The arc is maintained while the sample melts and
temperatures of 3500°C can be reached[15].

By applying an argon atmospheres to the processing chamber it is possible to largely prevent
formations of Ce– and Si oxides. Samples often need to be rotated and remelted several times
to obtain homogeneity.

3.2 Diffraction

Diffraction of X-rays on a crystalline material was observed and described by Bragg in 1913[36].
X-rays can have wavelengths of 1 Å which is comparable to inter-atomic distances and thus can
provide information about what happens at this length scale. XRD have evolved greatly over
the years, becoming one of the most powerful techniques for characterising crystalline materials.

X-rays can interact with matter either through absorption or through scattering. The absorp-
tion scales as ≈Z4 and can lead to photo-electron emissions, fluorescence and Auger electrons.
This will not be discussed further.

Scattering events can be elastic or inelastic. The elastic scattering, known as Thompson
scattering, holds information about the crystal structure, grain size, strain and thermal motion

11
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of the atoms. The inelastic scattering events, Compton scattering, has an important historical
role, but is mainly seen as background in the data and will not be discussed any further here.

When shining a monochromatic X-ray beam through a crystalline sample the crystal planes will
scatter some of the X-rays. The intensity of the scattered X-rays depend of several factors. When
Bragg’s law is satisfied the X-rays scattered from crystallographic planes are in-phase and will
interact constructively, see eq. (3.1).

nλ = 2dhkl sin θ (3.1)

n is an integer, λ is the wavelength of the incoming X-ray, dhkl is the distance between lattice
planes and θ is the scattering angle of the X-rays. Due to geometry is the angle between between
the incoming– and scattered X-rays always measured as 2θ. If eq. (3.1) is not satisfied the
scattered X-rays cancel through destructive interference. Families of lattice planes are specified
through their Miller indicies, hkl, three numbers obtained from where the plane intersects the
UC edges. The Miller indices are used to calculate the distance (dhkl) between adjacent parallel
planes[37].
X-rays interact with the electron cloud making them more sensitive towards heavier elements
and making it difficult to distinguish adjacent elements using X-rays.

The scattering ability of a crystal with XRD is determined by the number of electrons in
the unit cell. The expression for the structure factor Fhkl, eq. (3.2), is used to generalise the
diffraction from sets of parallel planes in a 3D crystal. Fhkl expresses both amplitude and phase
for a given hkl reflection.

Fhkl =

N∑
j=1

fj · exp

(
2πiHXj − 8π2Uj

sin2 θ

λ2

)
(3.2)

where N is the number of atoms in the unit cell, fj is the atomic scattering factor for atom j,
which is proportional to the electrons in the atom. fj has two contributing parts, one from the
atom at rest and one from thermal motion. The atom at rest is described by the first part of
the exponential, where H is the hkl values of atom j, and Xj is the position vector of atom j.
The second part of the exponential describes the thermal displacement of atom j through Uj and
thus the dampening of intensity that follows from the thermal displacement[37].

At any real temperature, the atoms vibrate with frequencies in the infrared spectrum. Uj
describes the mean square atomic displacement in Å2 from the rest position. As the temperature
increases, the atoms oscillate further away from the rest position. In most cases, the atomic
vibration is estimated as spherical with isotropic displacement. However, in many cases the
displacement is anisotropic as it takes more energy to change the length of an atomic bond than
the angle of the bond. Anisotropic displacement is often only considered for more precise work.

The frequency of the atomic thermal motion is orders of magnitude smaller than the wave-
lengths of the X-rays used for diffraction. Thus the thermal motion smears the electron density
of each atom over a volume depending on the vibrations amplitude as the scattered X-rays create
a time average of the different vibration positions[38].

The thermal motion leads to a decrease of Fhkl as a function of sin θ
λ which is the Debye-Waller

factor. Each element in a compound has a specific Debye-Waller factor, as lighter atoms vibrate
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more than heavier atoms[39].

XRD experiments can measure the intensity of the scattered X-rays from a sample as a function
of scattering angle 2θ. The intensity of a scattered X-rays is proportional to the structure factor
squared, see eq. (3.3).

IH ∝ LH ·AH · PH · CH · |Fhkl|2 (3.3)

where LH is the Lorenz–, multiplicity– and polarisation factor, which is set-up dependent. AH
is the absorption correction and PH is the preferred orientation factor, both are dependent on
the sample. CH is an extinction correction, which rarely is relevant in powder X-ray diffraction
(PXRD)[37].

With the |Fhkl|2 the imaginary part of the structure factor is lost. This gives rise to the phase
problem, where the structure cannot be found from the scattered X-rays unless the structure is
already known[40]. A beginning guess of the structure can be found through a database as the
Inorganic Crystal Structure Database (ICSD) where peak positions and intensities are compared
to elements present in the sample. When a qualified starting guess is obtained it is possible to
analyse the data through Rietveld refinement.

Powder X-ray diffraction A powder consists of many small crystals with random orienta-
tion which makes in the scattered X-rays form diffraction cones. If a 2D detector is placed
perpendicular on the incoming X-ray beam the diffraction cones form rings on the detector.
This is integrated to a one-dimensional pattern showing the intensity of the scattered X-rays as
a function of scattering angle in 2θ.

3.3 Production of X-rays

X-rays can be produced either in-house or at synchrotron facilities. The resulting flux and
wavelengths of the X-rays vary greatly depending on the production method.

In-house X-rays In-house production of X-rays is often done by accelerating electrons towards
a metal anode. A spectrum of X-ray radiation will appear consisting of a continuous part and
spikes with high intensity. The continuous part is called bremsstrahlung and appears when the
electrons are decelerated in the metal. The characteristic energies are emitted when an electron
from an outer atomic shell relaxes into a vacancy closer to the nuclei. The vacancies are created
when an atomic electron is removed by the incoming electrons. This creates spikes of intensity.

Monochromatic X-rays are usually gathered from the Kα peak (emerging when an electron
from the L shell relaxes to fill a vacancy in the K shell), as this is more intense that the Kβ peak
(electron from M shell fills the vacancy in K shell). The wavelength of the characteristic peaks
are dependent on the anode material[39].

The drawbacks of this technique is the low flux of X-rays and the limitations in wavelength.
On the upside is this an inexpensive way of producing X-rays.
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Synchrotron radiation Synchrotron radiation is a general term for radiation from charged
particles (normally electrons) moving at relativistic speeds in a magnetic field. X-rays are gen-
erated every time the particles change direction.

The flux denotes the strength of the X-ray beam, measured through the number of photons
passing through an area unit per second. The quality of X-ray beams across different radiation
sources can be compared through the brilliance, eq. (3.4).

Brilliance =
Photons/sec

(mrad)2(mm2 source area)(0.1%BW )
(3.4)

X-rays are emitted when electrons accelerate. Short periods of acceleration can obtained by
changing the velocity of the electrons slightly while maintaining the speed e.g. when the electrons
change direction.

An undulator is a series of periodically placed dipole magnets which creates an oscillating
magnetic field for the electrons to travel through. This forces the electrons to oscillate in the
horizontal plane thereby emitting photons. The photons emitted by one electron during one
oscillation are in phase and adds coherently with the photons emitted by the same electron
during the next oscillation. However, the photons emitted by different electrons when they
pass through the undulator are incoherent. Thus, undulators do not produce monochromatic
radiation. The brilliance of a 3rd generation undulator is in general ten orders of magnitude
larger than the brilliance of a Kα peak[39].

Since most sources do not produce perfectly monochromatic radiation the wavelengths are
filtered through a monochromator to single out photons with a desired wavelength. Different
options exists, but at synchrotron facilities a crystal monochromator, or double crystal monochro-
mator, is common.

The Laue condition is equivalent to Bragg’s law. It states that when performing scattering
measurements the intensity as a function of the scattering vector q, eq. (3.5), is measured[39].

q =
4π

λ
· sin θ (3.5)

Data can be collected either as a function of λ (used in time-of-flight measurements) or as a
function of scattering angle 2θ with a fixed λ.

3.4 Rietveld Refinement

Much information can be extracted from XRD data. Information about the crystalline structure,
atom position and atomic movement. The positions of the peaks in 2θ depends on the symmetry
and size of the unit cells.

The intensity of the peaks depends on the species and positions of the atoms, as well as the
occupancy of the atomic sites and the thermal parameters. From the peak width the crystallite
size and micro-strain in the unit cell can be determined.

To extract some of this data a mathematical model should be introduced. This can be done in
different ways. One of them is by Rietveld refinement. To do a Rietveld refinement is in all
simplicity to make a model that fits the data as good as possible. It is then from this model that
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all the information mentioned above is withdrawn. The Rietveld refinement was first proposed
by H. M. Rietveld in 1969 and has been widely applied ever since[41].

A Rietveld refinement requires good data quality as well as an initial guess of the structural
model of the phase(s) in the sample to circumvent the phase problem.

The Rietveld refinement uses a least-squares method to minimise χ2, see eq. (3.6). This can
be done practically with different software programmes.

χ2 =

n∑
i=1

ωi(yi − yci)2 (3.6)

where ωi is the weight given to each point and equals 1
σ2
i
where σi is the standard deviation of

the observed data point yi. yci is the calculated intensity for point i and is given by eq. (3.7)[42].

yci = ybi +

phases∑
φ

Sφ

reflections∑
H

IHΩH (3.7)

ybi is the background intensity at point i, φ is the number of structural phases in the model. Sφ
is the scale factor for each structural phase and ensures that if there are multiple phases present
in the data each phase will be scaled according to how much it scatters. The vector H denotes
the Bragg reflections, IH is an expression for the integrated intensity and is given in eq. (3.3).
Ω is a peak profile function that models the shape of the reflection peaks. A commonly used
peak profile function is the Thompson-Cox-Hastings Pseudo-Voigt function which contains both
a Lorentzian and a Gaussian contribution, see eq. (3.8)[42].

yci is referred to as ycalc and yi is referred to as yobs in the rest of this thesis.

Ω = ηL(HL, θ) + (1− η)G(HG, θ) 0 ≤ η ≤ 1 (3.8)

L is a Lorentzian function, G is a Gaussian function and η is the weight relative between the
two. HL and HG are the full width half maximum (FWHM) of the Lorentzian and Gaussian,
respectively, and they can be calculated by eq. (3.9) and eq. (3.10), respectively.

HL = X tan θ +
Y

cos θ
(3.9)

HG =
√
U tan2 θ + V tan θ +W (3.10)

X, Y, U, V and W are parameters to refine in the Rietveld refinement.

Size- and micro-strain effects can also affect the diffraction pattern and will be visible as peaks
broadening. Size effect arises when the crystals are less than 100 nm in diameter as an endless
lattice no longer can be assumed. This is attended to with the Scherrer formula[43], but it is
neglected in this work, as none of the samples contains crystals of less than 100 nm in diameter.
Strain effects are modelled with the X parameter and will be considered.
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3.5 Pair Distribution Function analysis

When analysing X-ray scattering data with a Rietveld refinement the background is removed
from the calculations and only the Bragg peaks are considered. These reveal information about
the long-range order in the sample. However, through the total scattering (TS) data more in-
formation can be derived. Information about the local order of the sample is found in the TS
data. The scattering marked as "background" in PXRD refinements contains a mix of incoherent
scattering effects and diffuse scattering. The diffuse scattering originates from deviations from
the average structure in the crystal, such as defects or correlated thermal motion. As the local
order influences the properties of a material it is interesting to investigate the diffuse scattering
further. In TS analysis the Bragg peaks and the diffuse scattering are treated as equals.

Data quality is important for TS analysis. Thus, q-values above 15 Å−1 are needed. The standard
in-house Rigaku diffractometer at Aarhus University has a copper anode resulting in λ=1.5406
Å leading to qmax = 8 Å−1, from eq. (3.5), removing the instrument as a possibility for TS data
collection. As synchrotron radiation exhibits a shorter wavelength (yielding a higher qmax) and
a higher X-ray flux this is well-suited for TS data.

The intensity of diffuse scattering is orders of magnitude lower than the intensity of Bragg
scattering. With the q-dependence of the atomic form factor, fhkl, the scattering signal is lowered
at high q-values, see eq. (M.1) in Appendix M. High quality TS data can be collected by using
a high flux or long exposure times (or both) and using a detector with a good signal-to-noise
ratio. The MYTHEN OHGI detector set-up at BL44B2 at SPring-8 fulfils these criteria.

Like in PXRD analysis a background must be subtracted from the TS data before further analysis
is made. Therefore, an empty sample capillary is measured at different temperatures and the
data is subtracted from the TS data to ensure that only coherent and diffuse scattering from the
sample is present.

The TS structure function, S(q), is calculated, see eq. (3.11). S(q) corrects for the Laue
monotonic scattering (〈f〉2 − 〈f2〉) that arises from imperfect cancellation and normalises the
coherent scattering to the average scattering power of the sample.

S(q) =
1

〈f〉2
(Icoh(q) + 〈f〉2 − 〈f2〉) (3.11)

From S(q) the reduced total scattering function, F(q), can be calculated as eq. (3.12). Both S(q)
and F(q) contains all scattering, diffuse as well as Bragg.

F (q) = q(S(q)− 1) (3.12)

The Fourier transform that moves the refinement from reciprocal space (q-space) to real space
(r-space) requires TS data, see eq. (3.13). G(r) is the Pair Distribution Function (PDF) and
is interpreted as a weighted histogram of interatomic distances. G(r), strictly speaking, only
applies to samples containing one element as the term is normalised to the average scattering
power of the sample.

G(r) =
2

π

∫ qmax

qmin

F (q)sin(qr)dq (3.13)
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It would be most correct if the integral ran from 0 to infinity, but this is obviously not possible.
Ending the integral at finite values create termination ripples in the Fourier transform. However,
extending the q-range of the integral reduces the amplitude of the ripples. Thus, a balance
between avoiding large termination effects and excluding noise must be found.

The structural information that can be obtained from PDF depends on the resolution in
r-space. This resolution is in turn determined by the qmax. A general rule of thumb is that the
resolution of r-space is given as ∆r= π

qmax
.

A structural model is refined to describe the PDF data as best possible through a least-squares
method, see eq. (3.14)

G(r)calc =
1

r

∑
i

∑
j

fifj
〈f〉2

δ(r − rij)− 4πrρ0 (3.14)

The sum runs over all inter-atomic pairs, i and j, with inter-atomic distances rij . In general, the
intensity depends on atomic species, coordination number and site occupancy, while the peak
shape and width is determined by thermal motion of the atoms[44].

3.5.1 Agreement factors

It is necessary to have a measure of how well a model describes the data. It is an ongoing
discussion when a model is good enough to be trusted. B. Toby pointed out that there is no
absolute way of deciding if a model is trustworthy or not. One has to look at several agreement
factors, plus the visual and chemical sense of the model before anything can be concluded. But
even then, it is important to be aware that if the data quality is poor the model may produce
smaller (thereby better) agreement factors, compared to a model made for high quality data[45].

One way to evaluate how well the model, ycalc, fits the data, yobs, is through the following
agreement factors, R-factors. The weighted profile factor, Rwp is the most straightforward value.
It comes from the square root of χ2, eq. (3.6), scaled with the weighted intensities for the observed
points. From a mathematical point of view Rwp, eq. (3.15), is the factor that best reflects the
progress during the refinement[46].

Rwp =

√
χ2∑
ωi y2obs

(3.15)

Another factor that is very useful when reviving a Rietveld refinement is Rexp, eq. (3.16). This
gives the expected value of Rwp, or the "best possible" value Rwp could ever reach.

Rexp =
N∑
ωi y2obs

(3.16)

Where N is the degrees of freedom defined as the number of data points minus the number of
varied parameters. In a PXRD refinement, the number of data points is much larger than the
number of varied parameters. The subtraction of parameters is therefore often ignored. χ2 can
be rewritten as eq. (3.17)[46].

χ2 =

(
Rwp
Rexp

)2

(3.17)
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Other commonly used R-factors are RBragg, eq. (3.18), and RF , eq. (3.20). RBragg is based on
the Bragg peaks deduced through the refinements and thus favours the model. the same is true
for RF which is based on the structure factor. This makes them appropriate for comparison with
single crystal data, as they are unaffected by phases not being modelled[46].

RBragg = 100

∑
h |′Iobs,h′ − Icalc,h|∑

h |′Iobs,h′|
(3.18)

′Iobs,h′ is the observed integrated intensity, which is calculated from eq. (3.19). It is only the
reflections with a calculated intensity of 6= 0 that contributes to the RBragg-factor.

′Iobs,h′ = Icalc,h
∑
i

Ωh(yi − bi)
(yc,i − bi)

(3.19)

yi − bi is the intensity corrected for background.

RF = 100

∑
h |′Fobs,h′ − Fcalc,h|∑

h |′Fobs,h′|
(3.20)

′Fobs,h′ =

√
′Iobs,h′
Lh

(3.21)

The observed structure factor, eq. (3.21), is correcting for Lorentz-polarisation and the mul-
tiplicity. One should be careful when comparing RF values to values obtained through other
programs, since Lh is sometimes fixed at 1[42].

B. Toby proposes as a general rule of thumb that RF should be less than 5%. It can slightly
increase for RBragg. If the values greatly exceed this, one should start to wonder, why the model
fits the data so poorly[45].
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Experimental

A total of six different samples have been synthesised with arc melting; five by the undersigned
and one by Hazel Reardon. For an overview of how the samples are referred to, and what kind
of XRD measurements have been performed on each sample see table 4.1. It should be noticed
that sample IW5% and IW stem from the same synthesis, but where IW5% is only measured
at the in-house Rigaku diffractometer R2D2 at room temperature, IW is measured at several
temperatures at the beamline BL44B2 at SPring-8 using the MYTHEN OHGI detector set-up.
Furthermore, when referring to HRIP or HR it is the same capillary that has been measured
twice; once on the now-retired IP detector (HRIP) at beamline BL44B4 at SPring-8 in 2017 and
later at beamline BL44B2 at SPring-8 using the MYTHEN OHGI detector set-up in 2018 (HR).

Table 4.1: Overview of sample names

Sample name in thesis Amount of excess cerium(wt%) Samle name while working Place of data collection

IW3% 3 CeSi2_3% in-house RIGAKU R2D2
IW4% 4 CeSi2_4% in-house RIGAKU R2D2
IW5% 5 CeSi2_5% in-house RIGAKU R2D2
IW 5 CeSi2_new BL44B2 at SPring-8 (Mythen)
HR 5 HR58_new BL44B2 at SPring-8 (Mythen)
HRIP 5 HR58 BL44B2 at SPring-8 (Image Plate)
IW6% 6 CeSi2_6% in-house RIGAKU R2D2
IW7% 7 CeSi2_7% in-house RIGAKU R2D2

4.1 Arc melting

Sample synthesis for this thesis was done through arc melting on a MAM-1 Glovebox Version Arc
melter produced by Edmund Bühler GmbH in Germany. This arc melter can reach temperatures
up to 3500°C[15].

Si and Ce were weighed out in a glovebox due to the volatile nature of elemental Ce through
rapid oxide formation. Stoichiometric values of Si were used for a CeSi2 compound, but as an
addition to the stoichiometric Ce, a slight excess of 3wt%-7wt% was added, see table 4.2. This
was decided based on the risk of evaporation or oxide formation of Ce in the melting process.
The balance used for weighing had an uncertainty of ±0.0001 g, and the final weight of each
sample was aimed to be 1 g.

Sample HR was prepared by Hazel Reardon in 2017. Sample HR was meant as a precursor
for the production of Type I Clathrates, which is why the final weight of the sample was aimed
to be 3 g instead of 1 g. Furthermore, the Ce chips used for this sample showed signs of an
oxide layer on the surface. Consequently, the chips were washed in an acid solution to remove
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as much of the oxide layer as possible. Washing was repeated three times, with the chips being
submerged in acid for five minutes each time. The solvent was discarded after each wash[47].

The Ce chips used for the HR sample was considered for samples IW3%– IW7% but the
oxide layer had become more pronounced and impossible to remove in the time between the two
syntheses. A new batch of elemental Ce was therefore acquired. This made it possible to skip
the step of acidic wash, as there was no sign of surface oxidation on the new Ce chips.

When the Si and Ce had been weighed according to each sample composition, the elements
were placed in the copper crucible of the arc melter and the chamber was closed. This argon
atmosphere was evacuated and gassed three times. After the third evacuation the vacuum was
left on. Each sample was arc melted at least three times for 30 seconds. The samples were turned
over between each remelt to ensure homogeneity.

It is worth mentioning that the pressure rose substantially in the arc chamber during the first
melt of sample IW7%. This could indicate that some of the sample elements evaporated rapidly
during the first melting process.

Table 4.2: Calculated and obtained weight of elements added in the arc melting process to produce sample IW3%–
IW7%

Calculated weight of elements Actual weight of elementsSample name Ce (g) Si (g) Ce (g) Si (g)

IW3% 0.7352 0.2862 0.7357(1) 0.2862(1)
IW4% 0.7424 0.2862 0.7422(1) 0.2860(1)
IW5% (IW) 0.7495 0.2862 0.7498(1) 0.2863(1)
HR (HRIP) 2.2485 0.8586 2.2248(1) 0.8623(1)
IW6% 0.7566 0.2862 0.7563(1) 0.2864(1)
IW7% 0.7638 0.2862 0.7638(1) 0.2876(1)

4.2 Rigaku R2D2

Samples IW3%– IW7% were pulverised using a pestle and mortar of marble. The equipment was
cleaned between each sample to ensure as little contamination as possible.

Each sample was measured on the in-house X-ray Rigaku diffractometer, R2D2, using monochro-
matic X-rays from the copper Kα1 peak with wavelength λ=1.5406 Å. The samples were placed
on Si sample holders to minimise the background. The samples were measured at room temper-
ature (RT) in the angular range 15–90° for 30 minutes each.

The PXRD data obtained from sample IW3%– IW7% was visually compared to the 300 K
PXRD data from sample HRIP obtained at SPring-8 in order to assess if a sample should be
sent to SPring-8 for a more thorough multi-temperature experiment together with the sample
synthesised by Reardon.

It was decided that sample IW5% would be investigated further at SPring-8 (identified in this
work as sample "IW"), since it was the sample that yielded a diffraction pattern most similar to
the HRIP sample, see fig. 5.3. This will be discussed further in section 5.1.
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4.3 SPring-8

The following procedure was used to obtain a powder with a homogeneous particle size: The
finely ground powder from sample IW5% was mixed thoroughly with ethanol and left to settle
for 30 seconds. The mix was transferred with a pipette to another vial leaving any precipitate
behind. The process was repeated with the particles in the second vial transferring to a third.
The liquid containing only the smallest crystallites in the third vial was left to dry, yielding a
powder of particles with a homogeneous size distribution. This procedure is replicated from the
one Jonas Sandemann followed when preparing sample HRIP for SPring-8[47].

The final powder were packed in quartz capillaries with an inner diameter of 0.2 mm. Quartz
capillaries result in a higher background scattering compared to glass capillaries. However, it
was decided that the advantages of matching the HRIP sample (which was also packed in a 0.2
mm quartz capillary) as much as possible outweighed the increased background. Furthermore,
by using a quartz capillary for both low– and high-temperature measurements it is only the
collimator that needs to be changed between the two set-ups. This gives a chance to investigate
how the collimator i.e., beam size affects the data measurements.

At SPring-8, sample HR and IW were measured at BL44B2; a beamline designed for PXRD
measurements. When sample IW and HR were measured, a new Overlapped High-Grade
Intelligencer (OHGI) set-up using fifteen Microstrip sYstem for Time-rEsolved experimeNts
(MYTHEN) detectors had been installed. Sample HR has thus been measured both at the
OHGI MYTHEN detector and the now-retired Imaging Plate (IP) detector. The two sets of
data collected on the same capillary allow for a comparison between the two detectors. Even
though similar wavelength was used, λ ≈ 0.5 Å, when measuring on the two different detectors
wavelength-corrections still need to be made when comparing the HRIP and HR data for the
diffraction peaks to appear at the same scattering angles.

4.3.1 Imaging plate detector

Sample HRIP was measured on beamline BL44B2 in 2017 using a Debye-Scherrer camera and the
(now-retired) IP. The beamline used a vertical focusing mirror and a double-crystal monochromator[48].
The image plates were scanned on-site. Linear integration was used to obtain the diffraction
patterns[47].

For temperature control, a N2/ hot air gas flow system was used. Data was collected in 100
K intervals from 100-300 K with an exposure time of 3 minutes and in the range 300-1000 K
with an exposure time of 5 minutes. After the 1000 K measurement, the sample was cooled to
300 K and data was measured again. A CeO2 standard was used to determine the wavelength
of the incident X-rays[49].

4.3.2 MYTHEN detector

The MYTHEN strip detector from DECTRIS Switzerland is a one-dimensional detector with a
very high signal-to-noise ratio. The OHGI set-up at SPring-8 beamline BL44B2 is composed of
fifteen MYTHEN strip detectors placed in a pseudo-circle with a sample-to-detector distance of
286.48(1) mm, see fig. 4.1. Each module is made of 1280 micro-strips with a width of 50 µm,
where each strip corresponds to one pixel[50]. The fifteen modules will cover a 2θ range 0.5–153°.
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Given the sample-to-detector distance each pixel will cover a range of 0.01°. The modules are
placed with 1.4° overlap and spacings of 50µm between adjacent modules[51].

Figure 4.1: Picture of the Mythen detector
at BL44B2 at SPring-8. From their web-
page[51]

Data corrections need to be made as the readout from
some pixels will be distorted due to geometry. The cor-
rections are made at the beamline with custom software
before the data can be analysed.

To enhance the data resolution the detector can be
translated half a pixel along the goniometer circle and thus
two datasets can be stitched together to give an angular
resolution of 0.005°. This is used for highly crystalline
samples with very sharp peaks[52].

It should be noted that since the OHGI MYTHEN de-
tector is built on pixel detectors, the curvature of the Debye-Scherrer cones does not affect the
measured data as this is corrected for as well. Thus no signs of asymmetry at low scattering
angle should be present.

4.3.3 Temperature set-up and calibrations

Two temperature set-ups were used; one for low temperature (LT) and one for high temperature
(HT) measurements. The collimator needs to be changed between the two set-ups. The LT col-
limator has an opening of 0.5 mm x 3.0 mm (vertical x horizontal), whereas the HT collimator
is 0.5 mm x 1.0 mm. This means that the incident beam intensity is 3 times lower when mea-
suring HT data, compared to LT data. The narrower beam profile is necessary for the elevated
temperatures, as the heating gun only hits a very small section of the sample.

For synchrotron PXRD experiments, it is important to measure the wavelength by using a
standard with an extremely well-defined unit cell. In the case of the experiments presented
herein, a LaB6 sample was used as the standard.

For multi-temperature experiments it is equally important to perform a temperature calibra-
tion. This is done using a thermocouple to determine the exact temperature at the spot of the
sample holder. The results of the temperature calibration can be seen in table G.1 in Appendix
G.

To obtain the desired temperatures at beamline BL44B2, a nitrogen flow LT device and a
nitrogen flow HT device is used for cooling and heating, respectively[51].

4.3.4 Exact measurement factors for sample HR and IW

Data from sample HR and sample IW were collected at multiple temperatures. The tempera-
tures were reached using the following heating– and cooling rates and measurement times:

• First, measurements were carried out in 25 K intervals from 300 K to 100 K with a cooling
rate of 50 K/min between each step.

• Returning to RT with 50 K/min. Short measurements with same 25 K intervals were made
during the waiting time as the sample returned to RT.

• The collimator was changed to a HT set-up.
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• Samples were heated to 1000 K with a heating rate of 50 K/min between measurements.

– In the temperature range 300–350 K data was collected with 25 K intervals, in the
temperature range 350–500 K data was collected in 50 K intervals and in the range
500–1000 K with 100 K intervals.

• After data was collected at 1000 K, the sample was cooled to 350 K and a final measurement
was done[52].

For a visual sketch of temperature order and measurements performed see fig. 4.2.

0 5 10 15 20 25

100

200

300

400

500

600

700

800

900

1000

1100
 LT set-up
 HT set-up

Te
m

pe
ra

tu
re

 (K
)

Time (min.)

Figure 4.2: Visual overview of the temperatures at which
measurements were performed at SPring-8 for sample HR
and IW5%.

Different exposure times were used depending
on the saturation time for the specific sam-
ple, as well as the collimator and the desired
data quality. Sample HR was measured in the
LT set-up with an exposure time of 20 sec-
onds at every temperature step in the cooling
from 300-100 K, then for 10 seconds at every
temperature from 125-300 K. In the HT set-
up, the exposure time was 50 seconds at each
temperature step.

Sample IW was measured for 50 seconds
in the LT set-up from 300-100 K, then for 10
seconds when heating from 125-300 K. In the
HT set-up, the exposure time was 90 seconds
at each temperature step[52].

The radiation wavelength of the beamline was determined using a LaB6 standard (ICSD coll.
code 40947 a=4.1570(1) Å) to λ=0.450147(1) Å for the LT set-up and λ=0.450152(1) Å in the
HT set-up.

4.4 PXRD Refinements

The obtained data is modelled using the Rietveld refinement method and the freeware program
Fullprof[42]. When refining data with this method, it is important to acknowledge the risk of the
refinement falling into a false minimum and thus consider how this is best avoided. Considering
the order the parameters are added to the refinement, the number of parameters and the possible
correlation between refining parameters will in most cases keep the refinement from reaching a
false minimum.

If a lot of parameters are refined at the same time, or if there is a high degree of correlation
between parameters (as is the case for occupancy parameters and atomic displacement parame-
ters (ADPs)), it will be difficult for the model to converge. If there is a high degree of correlation
the parameters should be refined individually and fixed at the refined value to avoid false minima.

Furthermore, when modelling PXRD data, systematic line shifts are common. When working
with a Debye-Scherrer geometry, it is often off-centring that is the main contribution to the line
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shifts. If the eccentricity is perpendicular to the incident beam the line shifts will show a cosθ
dependency. This is handled by the ’displacement’ parameter in Fullprof. If the eccentricity is
parallel to the incident X-rays a sin2θ dependency will show in the line shifts. This is corrected
by the ’transparency’ parameter in Fullprof and will yield a negative value if the off-centring is
towards the detector. Finally, if the eccentricity lies along the virtual arc on which the detector is
placed a linear shift in all reflections will occur[42]. This can be corrected by the ’zero’ parameter
but is often taken care of at the synchrotron facilities when the data is integrated.

Only the ’displacement’ parameter was used to describe the line shifts for the PXRD data
presented in this thesis.

When adding the ’transparency’ parameter to the refinement (either alone or in combina-
tion with the ’displacement’ parameter), the agreement factors would be similar to the models
with only the ’displacement’ parameter. When the ’transparency’ parameter was added to the
refinements the uncertainties on the lattice parameters increased by an order of magnitude and
it would be much harder for the model to converge.

Beamline BL44B2 has a Debye-Scherrer camera installed which yields the Lorentz polarisa-
tion factor to have a 2θ dependency. To account for this the preference "Special Polarization
Correction (Synchrotron)" in Fullprof is set as the diffraction geometry.

In the case of IP data, a correction for asymmetry at low scattering angles has to be imple-
mentd as the high curvature of the diffraction cones below≈30° induces artefacts in the integrated
data. This is corrected in the Fullprof software with individually refinable parameters[42].

Though the interaction between X-rays and elements in the periodic table is low, some absorption
may still occur during measurements. To consider this when modelling the data, a correction to
the atomic scattering factor is made. This is done through eq. (4.1) where f’ alters the real part
of atomic scattering factor and i f” is concerned with the irrational part. f’ and f” have the most
extreme values, when the X-rays energies used in the experiment are close to the absorption edge
energies for the atoms[39].

fj = f0 + f ′(λ) + if ′′(λ) (4.1)

f’ and f” must be calculated individually for each element in the sample at the chosen wavelength
of the experiment. This is done using an online X-ray absorption correction calculator from Ar-
gonne National Laboratories[53]. Besides giving the dispersion corrections for each atom, the
web-page also yields a general absorption correction coefficient, muR, for the compound. These
calculations were done for CeSi2 with λ = 0.4501 with a packing fraction of 0.5 and an inner
capillary diameter 0.2 mm.

Before modelling the diffraction peaks, the background features in the data must be addressed
and the angular regions at which diffraction peaks and background noise are indistinguishable
must be found. Thus data points are excluded below 5° in 2θ (since there are no diffraction
peaks in this region) and above 80–90° for low– and mid-range temperatures and above 60–66°
for 800–1000 K. More data point are excluded at elevated temperatures as the increased thermal
vibration lowers the scattering intensity from high angle reflections.
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For the data sets discussed in this thesis, a linear interpolation between fixed background
points with refinable heights was chosen to describe the background.

Besides determining the exact wavelength of the beamline, refining the LaB6 standard also reveals
the instrumental broadening of diffraction peaks. The wavelength and the FWHM parameters
U, V, W, X and Y were refined and loaded into an instrumental resolution file (.irf), a layout
that can be read by the FullProf program. Thus, the instrumental– and set-up dependent broad-
ening is subtracted from the refinements thereby leaving only the broadening from the samples
themselves.

The atomic position in the z-direction for the Si atom was refined. The FWHM parameters X
and W were refined, which are a Lorentzian and a Gaussian peak shape parameter, respectively.
If convergence was difficult to reach due to the diminutive size of W, or if W converged to a
value three orders of magnitude smaller than X, this parameter was neglected and set to 0.

The occupancy factor of Si was refined at RT. This occupancy was transferred to all other
temperature measurements within the same collimator set-up. For the models containing two
structural phases attempts were made to refine the Si occupancy as an inverted relation between
"phase 1" and "phase 2" at different temperatures. However, non-physical and inconsistent
results came from this and it was thus deemed too unreliable to yield any useful information.

Asymmetry corrections were only made for data measured at the IP detector or on the in-
house Rigaku diffractometer.

The parameters were generally added to the refinement in the following order:

Scale factor + unit cell lengths → line shift correction + background →

FWHM parameters → (asymmetry corrections) → atomic position →

isotropic thermal parameters

All refinements are aiming for a good description of the data, with no peaks left undescribed and
with R-values less than 5%. It has been chosen to use RF as a measure of how well the model
fits the data, supported by RBragg.

This decision was made based on the impurity peaks which are present in both samples at
different scattering angles. As the models should be comparable across samples these impurities
must not be considered in the refinements. All models must be inspected visually, to ensure that
no important peaks are left undescribed, as far as it is possible.

When adding a second phase the agreement factors might not decrease tremendously as there
will be more peaks included in the model, thereby more places a slight mismatch between model
and data can occur. On the other hand, the agreement factors describe how well each individual
peak is described. Thus, if a second phase changes the way the model describes the peaks it will
be visible in the RF and RBragg-value.

All data sets are modelled with only a few undescribed impurity peaks omitted. Of the 54
data sets modelled in this thesis 3 models show RF -values slightly above 5% for one of the two
phases. 4 of the 54 models show RBragg values above 6% for one of the two phases.



26 CHAPTER 4. EXPERIMENTAL

The CIF-files used as a beginning guess for the model was ICSD coll. code 31642 with
standardised atomic positions for the I41/amd symmetry, and ICSD coll. code 154272 for the
Imma symmetry.

4.5 Pair Distribution Function analysis

The PDF calculations and refinements presented in this work have been performed by Jonas
Beyer.
The MYTHEN OHGI detector set-up at BL44B2 achieves a qmax 27 Å−1. The PDFs were
computed with the PDFgetX3 software in the r-range from 0.0 – 500.0 Å with a 0.01 Å step size.
The TOPAS-Academic v6 software was used for refinements. Data from empty quartz capillaries
measured at the temperatures 100–1000 K in 100 K steps were subtracted as background. The
q-range was set at 1.0 – 27.0 Å−1 and the parameter rpoly to 1.05. Stoichiometric compositions
based on the PXRD refinements were assumed. Refinements were done in the range 1.0-100.0 Å
with the results from the PXRD refinements used as a starting point for the PDF models.

The structural models included scale factors for each phase, shared thermal parameters for
each atom species across phases, a shared position parameter for Si across phases, a Sinc func-
tion to correct for Fourier ripples and a peak broadening parameter, QBroad,L, to account for
the Lorentzian contribution to the PXRD peak shapes. Qdamp and QBroad were set to the in-
strumental values found from a LaB6 refinement. Models were assessed by the agreement factor
Rwp.
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Figure 5.1: Diffraction pattern from sample HR measured by Reardon and Sandemann at BL44B2 in 2017.
From[47].

In 2017 Hazel Reardon and Jonas Sandemann made precursors for the production of Type I
clathrates. When measuring precursor HR58 (sample HRIP) at SPring-8, beamline BL44B2
using an IP, they observe peak separation at low temperatures and UC parameters that did not
follow the expected curve when cooling.
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Figure 5.2: Unit cell parameters calculated by Sandemann based on
the diffractions seen in fig. 5.1. From[47].

When looking closely at the
diffraction patterns from sample
HRIP at different temperatures,
it is clear that a peak separation
has occurred at 120 K, and that
the separation most likely begins
between 300–400 K, see fig. 5.1.
Sandemann emphasises the sepa-
ration around 2 θ = 25° at λ = 0.4998 Å as one of the more pronounced events. By investigating
the UC parameters as a function of temperature, it is clear that the UC lengths do not follow the
normal change that appears for most solids upon cooling, see fig. 5.2. Instead, the UC parameters
clearly show that something out of the ordinary is going on.

Sandemann proposes from peak separation that a phase transition from a lower– to a higher
symmetry phase might occur as the temperature rises since this transition would reduce the
number of unique reflections in the diffraction pattern[47].
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This chapter contains several sections all taking part in the further investigations of what Reardon
and Sandemann observed in 2017.

• It is investigated how different amounts of Ce in the beginning compositions before arc
melting affects the symmetry of the final samples. Five different variations were investigated
with Ce content varying from 3wt%–7wt% excess Ce compared to a CeSi2 stoichiometry.

• A comparison between the IP detector and the MYTHEN OHGI detector set-up is made.
• The PXRD data, refinements and results from sample HR and HRIP are presented and

discussed.
• Another section concerns PXRD data, refinements and results from sample IW.
• The d-space resolution available with different instruments in literature are discussed and

compared to the results presented in this work.
• The calculated Debye temperature for sample HR and IW are presented.
• PDF refinements and results modelled on data from both samples are presented, discussed

and compared to PXRD results.

5.1 Variation in the Ce-content

A study was made to create a sample closely resembling HRIP. Hazel Reardon had announced a
starting composition of 5 wt% excess Ce compared to the stoichiometric values when synthesising
sample HRIP. Excess Ce was thought to be a fair starting point due to the risk of removing
small amounts of either Ce or Si, or both, from the composition when arc melting through e.g.
oxide formation. To test how different starting compositions would affect the final results a
variety of samples were made following table 4.1 and table 4.2. After arc melting each sample
was ground to a fine powder using a mortar and pistol. They were then measured with PXRD
using the in-house Rigaku instrument. These measurements were primarily done to identify the
phases present in each sample and to examine if the variation in starting composition had made
a noticeable difference for the final symmetry.

Full diffraction patterns (2θ=20–90°) can be seen in Appendix B, fig. B.1. The diffraction
patterns are collected using the CuKα peak providing a wavelength of λ=1.5406 Å. All measure-
ments were made at RT.

With a simple visual comparison it is possible to see that a small variation in the starting
compositions has a great impact on the final symmetry of the samples. Especially the difference
between IW4% and IW5% is very pronounced, where peaks in sample IW5% almost consistently
are shown as double peaks in sample IW4% with a few exceptions 25.5°, 30° and 50°, see fig. 5.3a
and –b.

For sample IW3% additional peaks appear in the data compared to sample IW4% suggesting
that two or more phases could be present.

At 41° a shoulder in seen in sample IW5% as well as a broadening of the peaks at higher scat-
tering angle hinting that some impurity or a second phase with almost the same UC parameters
could be present, see fig. 5.3b.
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Inspecting data from sample IW6% shows broader peaks, slight peak splitting and more pro-
nounced shoulders than for sample IW5%, especially at higher scattering angle as seen in fig. 5.3b
and –c. For sample IW7% sharp peaks with a distinct peak splitting appears at 22°, 29°, 43° and
69°, see fig. 5.3a, –b and –c.

Though HRIP data shows broader peaks than sample IW5% data it was decided that these
two data-sets resemble each other well enough to be investigated further at SPring-8, see fig. 5.3.
Diffraction patterns at a lower– and higher scattering angle used for comparison between samples
can be found in Appendix B.
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Figure 5.3: Diffraction pattern of sample IW3%–IW7% measured on the in-house Rigaku diffractometer, R2D2,
at room temperature, compared to HRIP at room temperature. The wavelength of HRIP has been altered for
comparison.

Arc melting is assumed to evaporate some of the Ce due to the high temperatures reached under
the process. Alternatively, an oxide formation could occur with the little oxygen in the atmo-
sphere or, more likely, the oxygen present in the Ce from the production. However, compared
to literature the evaporation of Si or the formation of Si oxides might be just as likely – tip-
ping the stoichiometry towards even lower x. If neither of this happened during arc melting
the final composition of the samples would not resemble a stoichiometric CeSi2 as aimed for.

Table 5.1: Table of composition of samples IW3%–IW7%

and HR in the event of no evaporation or oxide formation
of elements during arc melting.

Sample name # Si atoms pr. Ce atom
IW3% 1.94
IW4% 1.92
IW5% 1.90
HR 1.93
IW6% 1.89
IW7% 1.87

In the case that no Ce or Si evaporated or
formed oxides the final stoichiometry of the
samples IW3%–IW7% will vary from CeSi1.94
to CeSi1.87 respectively, see table 5.1. If this is
truly the case, it would be expected that sam-
ple IW3% and IW4% would resemble sample
HRIP more than sample IW5% since the sto-
ichiometry of these samples are closer to the
stoichiometry calculated for HRIP. As stated
earlier, this is not the case. Thus, something
else must play a role in the arc melting process.

To gather a higher understanding of what phases are present in the samples IW3%– IW7%the
Rigaku data has been analysed through Rietveld refinement. Some data sets have been fully
analysed, while others have been halted when fits were reasonable enough to provide sufficient
insight, since this was not the main focus of the thesis.
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5.1.1 IW3%

The data from sample IW3% proved rather difficult to refine. Thus, it is one of the data sets
where a need to settle for an rough refinement was necessary, as the RF -values just got worse
when a description of all peaks was attempted, see table 5.2.

Firstly a single orthorhombic phase was attempted modelled to the data and as seen in
fig. 5.4a describes the data reasonable for a first phase, but still with undescribed peaks showing
towards higher scattering angle of the modelled reflections. The agreement factors are slightly
larger than what is considered trustworthy and thus more phases were added to overcome this.
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Figure 5.4: Refinements of data from sample IW3% using different combinations of different unit cells.

A combination of an orthorhombic– and a tetragonal symmetry was fitted to the data. However,
this did not seem like an unconditional success, as the tetragonal phase only manage to describe
a shoulder towards lower angle on the peak at 41°, see fig. 5.4b. The agreement factors rose
for this combination compared to a single orthorhombic unit cell, which lead to discarding this
combination as suiting.

Moving on to a combination of two Imma symmetries was slightly more successful, fig. 5.4c,
as more shoulders in the data were described and the agreement factors lowered for both phases
compared to the orthorhombic–tetragonal combination. However, agreement factors still ex-
ceeded what was found for a model with a single orthorhombic unit cell. Thus the need to add a
third phase arises in an attempt to describe all peaks in the data. This was done with a tetrag-
onal phase, see fig. 5.4d. Adding a tetragonal phase as the third symmetry changes what peaks
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this symmetry describes compared to previous combinations. However, as seen the tetragonal
symmetry does not completely correlate with the peak positions in the data, thus one cannot
avoid speculating if this is the proper fit after all.

Table 5.2: A comparison of the RF -values and RBragg

values for the refinements of IW3% with different unit
cells.

Unit cell combination RF -value RBragg
ortho 5.86 8.09
ortho+tetra 7.05 14.9 12.3 16.8
ortho+ortho 6.88 11.7 11.4 14.9
ortho+ortho+tetra 7.85 10.9 19.6 16.2 15.4 20.0

Comparing the R-values shows that they
are generally worsened for all phases in this
fit (with exception of the second orthorhom-
bic phase) when adding a I41/amd phase. It
should therefore be considered carefully if this
last model should be trusted or not. It is
still clear that the data has not been described
fully and that there might be even more phases
present. However, it was chosen to leave with little to no conclusion on these refinements, as it
was never meant to be the main focus of the thesis.

From the R-values it is seen that none of the fits is exactly suiting, see table 5.2. The
model with one Imma symmetry shows the lowest agreement factors despite leaving many peaks
undescribed. In the search for complimentary symmetry combinations, the agreement factors got
progressively worse. In the end, a non-conclusion has to be made as it was too time-consuming
to continue the hunt for a proper and well-fitting refinement of this data-set.

More figures showing the refinements with different unit cells at lower and higher angles than
shown here can be seen in Appendix C.

5.1.2 IW4%

Sample IW4% shows the peak splitting characteristic for an orthorhombic symmetry. Most peaks
were described when using the Imma symmetry as a starting model for refining the data, see
fig. 5.5a. The peaks in sample IW4% that show a splitting either have a contribution from the h
or k indices. This splitting corresponds to different lengths of the a– and b-axes in the unit cell,
which is consistent with the orthorhombic symmetry. However, when consulting the agreement
factors it is seen that this fit should not be considered too trustworthy, see table 5.3, as the
RF -value for the fit with the orthorhombic unit cell is well above 5%.
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Figure 5.5: Diffraction pattern from sample IW4% refined using an or-
thorhombic unit cell (a), and a combination of an orthorhombic and a
tetragonal unit cell (b).

The model overshoots the
intensity of the observed data
at high scattering angle and un-
dershoots at the most intense
peaks at low scattering angle. A
few peaks are left undescribed.
An attempt to redeem this is
made with an additional tetrag-
onal phase. However, this does
not make any noticeable differ-
ence neither to the description
of peaks nor to the miscalculated intensities, see fig. 5.5b. On the other hand, the R-values
show that adding a tetragonal phase will only improve the RF -value of the orthorhombic phase
slightly. Simultaneously all other agreement factors will be worsened.
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Since these data are measured at the Rigaku instrument and packed on a plate the possibility
of excessive preferential orientation is present. An attempt to consider this is made in the refine-
ment as there might be a chance that this is one of the reasons why this fit finds it challenging
to model the correct intensities of the data.

Table 5.3: A comparison of the RF -values and RBragg

values for the refinements of IW4% with different unit
cells.

Unit cell combination RF -value RBragg
ortho 8.38 11.3
ortho+tetra 8.27 12.3 14.8 29.5

Sample IW4% might not show a perfect
orthorhombic symmetry and the data might
show more than one phase. However, this
was not pursued any further, as it was not
the original aim of this thesis. More figures
showing the refinements with different unit
cells at lower and higher scattering angles than
showed here can be seen in Appendix D.

5.1.3 IW5%

Sample IW5% was straight forward to refine. A single I41/amd phase models the data nicely, see
fig. 5.6a, –b and –c, with agreement factors well below 5% showing the fit to be trustworthy, see
table 5.4. Sample IW5% was sent to SPring-8 for further investigation since it resembles sample
HRIP well enough as both samples are refine-able with a single I41/amd phase.
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Figure 5.6: Diffraction pattern from sample IW5% refined using a tetragonal unit cell.

Inspecting the fit closely shows that the model slightly underestimates the intensity of the peaks
at low scattering angle fig. 5.6a and –b, and slightly overestimates intensities at high scattering
angle, fig. 5.6c. However, compared to the fit of sample IW4% data this is a minor detail.

A few peaks are still left undescribed by the model. These are mainly seen at 28° but are
thought to be impurities in the sample due to the low intensity. They are left unidentified as an
attempt of modelling them have been made with CeO2, elemental Si, elemental Ce, quartz, CeSi
and the Imma of CeSi1.8, unsuccessfully.

Table 5.4: A comparison of the RF -values and RBragg

values for the refinements of IW5% with a tetragonal
unit cell.

Unit cell combination RF -value RBragg
tetra 3.18 4.82

Finally, the model has troubles describing
a few shoulders on peaks around 41°, 72° and
76°. However, with agreement factors well be-
low 5%, this was not pursued further as the
quality of the data did not allow for extensive
modelling compared to the SPring-8 data that
would later be obtained.
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5.1.4 IW6%

When visually inspecting the data from sample IW6% against data from sample IW5% only
small differences seem to be present. However, when refining both data sets with a tetragonal
symmetry it becomes clear that there might be a larger difference between the data sets than
first expected.
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Figure 5.7: Diffraction pattern from sample IW5% and IW6% refined
using a tetragonal unit cell.

This most clearly shows as a
greater mismatch between Yobs and
Ycal in the refinement of sample
IW6% data , see fig. 5.7b, com-
pared to the refinement of the sam-
ple IW5% data, fig. 5.7a. The dif-
ference between the two data sets
is clearly seen reflected in the RF -
values and RBragg values from the
IW5%– and the IW6% refinement (table 5.4 versus the tetragonal refinement table 5.5). Even
though the RF -value for the refinement of IW6% data with a I41/amd symmetry is below 5%

and should be viewed as "good enough" it is easy to see that the values for the sample IW6%

data are larger than for the IW5% data. Thus a hunt for better refinement of the IW6% data
starts.
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Figure 5.8: Diffraction pattern from sample IW6% refined using different combinations of tetragonal– and or-
thorhombic unit cells.

An attempt to fit an Imma symmetry to the data was made without further success. Neither
the visual fit nor the agreement factors drew any benefit from this, see fig. 5.8b and table 5.5.
Instead, a double tetragonal symmetry combination was attempted as a model for the refinement,
see fig. 5.8c. Especially the visual fit seemed a lot better with this combination. Most on the
undescribed shoulders in the previous fits was described to somewhat satisfaction with two phases
of the I41/amd symmetry.

Table 5.5: A comparison of the RF -values and RBragg

values for the refinements of IW6% with different unit
cells.

Unit cell combination RF -value RBragg
tetra 4.23 8.01
ortho 9.97 13.4
tetra+tetra 4.07 5.92 7.09 10.7

The agreement factors are lowered for the
first phase with this model. But the agree-
ment factors for the second phase are a bit
larger than what they preferentially should be.
Nonetheless, the data can be interpreted as a
two-phase system with slightly different UC
parameters. The misalignment in UC param-
eters might be an artefact from the arc melting
process, possibly if the sample did not reach acceptable homogeneity during the melting. This
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would most likely be sorted out with an annealing process, allowing the unit cells to rearrange
and becoming more homogeneous.

More figures showing the refinements with different unit cells at lower and higher angles than
shown here can be seen in Appendix E.

5.1.5 IW7%

The sample IW7% data show peak splitting for the same peaks as seen in the IW4% data. Thus,
the IW7% data was refined using an orthorhombic symmetry.

Table 5.6: A comparison of the RF -values and RBragg

values for the refinements of IW7% with different unit
cells.

Unit cell combination RF -value RBragg
ortho 4.58 7.70

This yielded a satisfying model, as the
agreement factors of the refinement are be-
low 5% for the RF -factor and only slightly
larger for the RBragg factor, see table 5.6. The
characteristic double peaks which define an or-
thorhombic symmetry are present at 22° and
43°, see fig. 5.3a and fig. 5.9a.
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Figure 5.9: Diffraction pattern from sample IW7% refined using an or-
thorhombic unit cell.

Though the agreement fac-
tors are satisfying the model
is not visually perfect. Re-
garding intensities of peaks as
well as undescribed shoulder,
the model could be better. This
discrepancy is visible at 43° and
73°, see fig. 5.9a and –b. If these
refinements were to be the foun-
dation for further research, or if
the results were to be used as conclusions, more thorough work had to be executed. However,
for phase identification these refinements are sufficient.

More figures showing the refinements with different unit cells at lower and higher angles than
showed here can be seen in Appendix F.

5.1.6 Discussion based on variations in the Ce-content

To sum up this study it can be concluded that the phases identified in the samples IW3%–IW7%

are far from what would be expected from the literature. If it is assumed that neither Ce nor
Si evaporated, or in other ways were removed from the samples e.g. through oxide formation, a
new stoichiometry for each sample can be calculated and compared to literature. However, the
"new" stoichiometry of each sample would still place each sample in the range of a tetragonal
symmetry, as the tetragonal range is reported by both Bulanova et al. and Souptel et al. to be
within 1.8<x<2.0. All the samples are in this composition range with 1.87<x<1.94, see table 5.1
at the beginning of this section.

Though there is an apparent straightforward expected symmetry the identified phases vary
greatly with the composition, despite the theoretical composition only varying slightly, see ta-
ble 5.7. Thus, one must consider if arc melting might be a less optimal method than previously
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believed. It might be that arc melting is such a harsh synthesis method that it simply is impos-
sible to guess what happens in those seconds when the arc is on and the elements are hit with
great power. With harsh production comes an uncertainty regarding if all the material forms the
final compound. There is a possibility that some of the starting elements have evaporated and
condensed elsewhere. It is also a possibility that the power of the arc has scattered some of the
elements to lay about in the chamber too far away to take part in the composition formation.
Until investigated experimentally the stoichiometry of each sample can not be unquestionably
decided based on theoretical calculations or barely good enough refinements. The only thing
that is truly beyond doubt is that the variation in Ce-content leads to data with symmetries that
are not unambiguously tetragonal.

Table 5.7: Table of identified phases in samples IW3%-
IW7% and HR

Sample name Phases identified
IW3% Orthorhombic 1, orthorhombic 2, tetragonal
IW4% Orthorhombic, tetragonal
IW5% Tetragonal
HR Tetragonal
IW6% Tetragonal 1, tetragonal 2
IW7% Orthorhombic

Another contribution to the great mix of sym-
metries in the data-sets might be the lack
of an annealing step. Annealing would most
likely reduce the number of impurities in sam-
ple IW5% as well as reduce the two tetrag-
onal phases in the IW6% data to one phase.
However, it is more difficult to predict whether
an annealing step would change sample IW7%

from an orthorhombic to a tetragonal structure, or if the annealing process would stabilise the
orthorhombic structure further. A valid prediction for sample IW3% and sample IW4% would be
that annealing would stabilise one or two of the existing phases making the data easier to analyse.

An explanation for these easily mixed-phase samples is found in the two closely related disilicides
proposed by Bulanova et al.. One disilicide with an orthorhombic structure, CeSi2−a1, and one
with a tetragonal structure, CeSi2−a2. Bulanova et al. find the orthorhombic symmetry to appear
if the composition of the sample lies between 47-37.4 at% Ce and 53-62.4 at% Si. Whereas the
tetragonal structure should appear for 35.9-10 at% Ce and 64.1-90 at% Si[8]. If the at% of Ce
and Si are calculated for samples IW3%–IW7% based on the stoichiometry found in table 5.1 it
is found that the samples has 34.0-34.9 at% Ce and 66.0-65.1 at% Si, see table 5.8. This should
place the samples in the composition area of the tetragonal structure, even though they might
be at the end of the composition range that lies towards an orthorhombic transition.

Table 5.8: at% of Ce and Si in the
samples IW3%–IW7% calculated
based on stoichiometry found in
table 5.1

Sample at% Ce at% Si
IW3% 34.0 66.0
IW4% 34.2 65.8
IW5% 34.4 65.6
IW6% 34.6 65.4
IW7% 34.9 65.1

Bulanova et al. states that the homogeneity range of the
tetragonal CeSi2−a2 ends at the Si-rich boundary at 66.7 at%
Si, whereas the Si-poor boundary that marks the ending of homo-
geneity range of the orthorhombic CeSi2−a1 lies between 61.1-62.6
at% Si[8]. Nevertheless, all this taken into consideration samples
IW3%–IW7% would still be expected to show a tetragonal sym-
metry. The mixed-phase systems might occur in the case of inclu-
sions in the sample containing a different stoichiometry compared
to the average stoichiometry, favouring the orthorhombic symme-
try in these areas. This could also be the case for a tetragonal
symmetry with deviating UC parameters compared to what is
found in the majority of the sample.
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If this is the case it might be that once these Si-rich or –poor inclusions are formed they can-
not be dissolved into a homogeneous sample despite how many times the sample is turned and
remelted. When performing the arc melting the samples were remelted until the visually seemed
homogeneous. However, this is little consolation, as there may very likely be inhomogeneous
areas in the samples that will not show on the surface while arc melting. A more homogeneous
sample could be synthesised by grinding and pelleting the samples between each remelt.

It can be concluded that arc melting without an annealing step afterwards will produce rather un-
predictable results and that it might come down to luck if the desired composition and symmetry
is obtained.

5.2 Radiation wavelength and temperature calibration while
measuring on SPring-8

Before beginning measurements at the beamline BL44B2 a standard sample is measured to
determine the exact wavelength of the radiation as well as the instrumental broadening from
the set-up. In this case, a NIST standard LaB6 sample with clearly defined unit cell parameters
was used. The standard was re-measured at regular intervals, to account for any changes in the
radiation. The refined wavelength, as well as the determined instrumental broadening for both
the LT– and HT collimator, as they are in the .irf-files, can be seen in table 5.9.

The wavelength was determined to be λ=0.450147(1) Å in the LT set-up and λ=0.450152(1)
Å for the HT set-up.

Table 5.9: Table of refined values for instrumental broadening and wavelength obtained for LT– and HT set-up
using a LaB6 sample.

λ (Å) U V W X Y
LT 0.450147 0.004524 -0.00181 0.000575 0.000012 0.001726
HT 0.450152 0.003413 0.000599 0.000382 0.000052 0.001596
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Figure 5.10: Plot of temperature difference be-
tween measured– and set temperature at beam
line BL44B2.

The temperature calibrations were made using a
thermocouple at the sample site. The exact tem-
perature at the sample site was measured to match
it against the set temperature, see fig. G.1. To a ob-
tain a qualified guess of the temperatures between
calibration measurements made in the range 100–
350 K, a linear function can be fitted to the plot of
∆T as a function of temperature below 350 K, see
fig. 5.10.

Linear regression of the measured temperatures
as a function of the set temperatures yields the func-
tion y = 0.9234 · T + 22.171 K, where T is the set
temperature in Kelvin. This allows for a calcula-
tion of the intermediate temperatures as an addition to measured temperatures. Tables with
measured and calculated temperatures can bee seen in Appendix G table G.1 and table G.2.
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The measured and calculated temperatures for the experiments are used in the calculations
of the Debye temperatures. For the rest of the thesis, the set temperatures will be used to refer
to data sets. The more exact temperatures will be used in calculations.

5.3 General observations while refining HR and IW data

Before diving deeply into data refinements a few things must be noted. Firstly, a higher absolute
intensity of the data leads to higher χ2 values when modelling the data. The intensity of the
SPring-8 LT data is higher than the HT data since the LT collimator is three times wider than
the HT collimator. The intensity rises when more of the sample is illuminated. Since the same
capillary is used for measurement at low– and at high temperature, the differences that are
seen at the RT measurements for the LT– and HT set-up can only be ascribed to either small
fluctuations in the RT (unlikely) or differences between the two collimators.

Secondly, asymmetry towards lower scattering angle in the peaks is an artefact from inte-
grating over multiple points in the Debey-Scherrer cones. This is seen when measuring on an
IP detector and thus integrating over a finite width. At angles typically below 30° the higher
curvature of the Debey-Scherrer cones is detected as a tail of intensity towards lower scattering
angle. However, since the MYTHEN OHGI set-up is based on pixel detectors, where each micro-
strip reads as a pixel, asymmetry from integration over the Debye-Scherrer cones does not exist.
Thus, a strong asymmetry observed in the peak shapes must originate elsewhere.

Though refinements of Rigaku data at RT shows a good fit for IW5%– and HRIP data using
I41/amd symmetry, other symmetries were still investigated as a base for a model to the SPring-8
data. This was done on HR– and IW data at 500 K to find the most correct symmetry for these
systems at elevated temperatures, as it is known that Si–Ce compounds also often crystallise in
the orthorhombic GdSi2 structure with Imma symmetry.

Table 5.10: Tabel of refined unit cell parameters when using the
orthorhombic– and the tetragonal symmetry to describe HR data at
500 K.

a (Å) b (Å) c (Å) RF (%) RBragg(%)
Orthorhombic 4.21069(17) 4.21434(17) 13.98811(7) 3.76 8.43
Tetragonal 4.21395(2) — 13.98790(7) 3.29 5.09

It can be concluded that the data
from sample HR at 500 K is best
described by a I41/amd symmetry.
The characteristic peak splitting of
the orthorhombic symmetry is not
explicitly showing in the data, see
fig. 5.11, and the R-values for the I41/amd symmetry are significantly lower than the R-values
for the Imma symmetry. Furthermore, when using an orthorhombic unit cell to describe the
data the values of the a- and b-axis lie closely together at values much resembling the tetragonal
unit cell, see table H.1. From literature, it would be expected that the dimensions of the a– and
b-axis would differ with approximately 0.08 Å in the orthorhombic unit cell[8]. The data does
not justify to lower the symmetry from tetragonal to orthorhombic as the difference between the
a– and b-axis in the refined orthorhombic unit cell is less than 0.003 Å.

The same trends are seen in the IW data at 500 K, see fig. H.1 in Appendix H, but slightly
less pronounced than for the HR data.
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Both the data from the HR sample and the IW sample were refined using two phases at low
temperatures. In both cases, the choice fell on two tetragonal phases with an α-ThSi2 structure
and I41/amd symmetry. However, before any decision was made a variety of combinations were
tried for each data set. This will be discussed further in following sections but can briefly be
summed up as follows:
First a single tetragonal symmetry was modelled to the data. It describes the HR data well
enough at 100 K, but has some trouble describing the HR data properly while cooling. A sin-
gle tetragonal unit cell fails to describe the LT IW data. A single orthorhombic unit cell was
attempted as a model for both samples, but this symmetry was unable to describe the data
satisfyingly. When a tetragonal-orthorhombic symmetry combination was tested worse than
acceptable results were produced. Finally settling for a tetragonal-tetragonal symmetry combi-
nation suited, especially the IW, data very well.
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Figure 5.11: Comparison of a model using (a) an orthorhombic unit cell
and (b) a tetragonal unit cell.

The Si occupancy was refined
for both samples at RT. One
occupancy was found for the
HT set-up, another for the LT
set-up. These occupancies were
then fixed in subsequent refine-
ments on data sets collected
with the same set-up. The Si
content, x, as determined from
the occupancy refined at RT did
not differ more than 0.01 between each set-up, see table 5.11. Since it is impossible to decide
which value is more reliable, it was decided to use different Si occupancies for each set-up.

Comparing the Si content from refinements to the Si content from calculations based on
amount of starting elements, table 5.1, it is seen that the Si content coincides well between the
two calculations for IW with a maximum difference of 0.01 in x. The calculations yields more
different results for HR with a maximum difference between the calculations of x=0.05. If it is
chosen to trust the Si content from the refinements the most, this suggests that some of the Ce
have evaporated or formed oxides during the synthesis of sample HR.

Table 5.11: Table of Si content, x, for samples HR and
IW in LT– and HT set-up, calculated from Rietveld re-
finements

Refined x-value for: LT set-up HT set-up
Sample HR 1.97 1.98
Sample IW 1.90 1.89

Attempts have been made to refine the
Si occupancy of the two separate phases
by taking the RT occupancy and refining
it with an inverse relationship between the
two phases. However, this gave inconsistent
or non-physical results when moving through
temperature measurements. To avoid compli-
cations, the occupancy was locked at the refined value at 300 K for all data sets and assumed to
be equal in the two phases.

The ADPs are constrained across phases such that the ADP for Ce is the same in both phases.
The same goes for Si. The atomic position for Si in the z-direction is refined individually for
the two phases. This is a fair assumption as the literature suggests that Si atoms form a rigid
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sub-lattice with vacancies within the unit cell. These vacancies are likely to move around to
obtain the most energetic favourably positions.

Regarding the distinction between one– and two phases when cooling it can either be chosen to
follow the literature which states that the phase separation occurs at 260 K[20] or 300 K[7] or to
follow the data refinements. It will be discussed which has the most credibility in the following
sections.

One could speculate if a more accurate description of the sample is a continuum of UC sizes, but
due to proximity in UC parameters, the data is interpreted as one– or two phases with distinct
UC parameter values. The peak separation could then be the continuum of UC sizes breaking
into two smaller continua. However, this is just speculation.

5.4 IP data vs. MYTHEN OHGI data

The capillary containing sample HR was measured twice; once on the now-retired IP detector
at beamline BL44B2 at SPring-8 (noted HRIP data) and once at the MYTHEN OHGI detector
set-up at beamline BL44B2 at SPring-8 (noted HR data). This double measurement allows for
a good comparison between the two detectors with regards to data resolution, signal-to-noise
ratio, and asymmetry at low scattering angle.

The data is plotted with an off-set between different temperatures, but without off-set between
datasets at the same temperature.

At 400 K the data from the IP detector is elevated slightly above the MYTHEN OHGI data
in the entire low angular range, see fig. 5.12a. The MYTHEN OHGI data show slightly more
defined peaks at high scattering angles, as the off-set in background between the two data sets
are a bit larger than the off-set at peak positions.

The IP detector shows less separation between closely placed peaks, which is especially clear
in the double peaks at 200 K 14.4°, and at 300 K at 18° and 25.5°, see fig. 5.12b.

The difference between the two different detectors is most pronounced at high scattering
angle and low temperature e.g. at 100 K and 26° where shoulder in the HRIP data shows as two
separate peaks in the HR data, see fig. 5.12c.

The good signal-to-noise ratio for the MYTHEN OHGI detector set-up makes it possible to
distinguish diffraction peaks from the background at a higher scattering angle than what was
possible with the IP detector. Thus more data must be excluded from the IP measurements,
above 70°, than for the MYTHEN data, above 90° in LT data, above 80° in HT data and finally
above 60° for data at 800–1000 K, see fig. 5.12d. It should be noted that the IP detector collected
data to 0–77.43° with λ=0.4998 Å, whereas the MYTHEN OHGI detector set-up collected data
to 3–155.7° with λ=0.450147(1) Å. The diffraction peaks shown in fig. 5.12d all corresponds to
λ=0.450147(1) Å, thus the IP data has been altered to show Bragg peak at the same scattering
angles as the MYTHEN OHGI data.

It would be justifiable to include all the LT IP data in a Rietveld refinement. However, this
was not done as the risk of including noise in the refinement seemed too great.
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Figure 5.12: Close-up of HRIP data and HR data measured on the now-retired IP detector and on the MYTHEN
OHGI detector set-up, respectively, at four different temperatures

When closely investigating the background at low scattering angle a strange background fea-
ture is noticed for data measured in the HT set-up on the IP detector, see fig. 5.13. A feature
like this would in most cases point in the direction of diffuse scattering in the sample. However,
it can be seen that the background feature "spontaneously" arises when changing from the LT to
HT set-up in the 300 K measurements on the IP detector. Therefore, this background feature in
the HT HRIP data likely stems from the HT set-up at the beamline or from the HT collimator,
and not from diffuse scattering in the sample only visible at elevated temperatures.

Inspecting the low scattering angle HRIP data it is seen that the diffraction peaks are broader
than what is seen in the HR data. This peak slimming is expected as the HR data is measured
after the sample has been through heating, thus some degree of annealing is expected to have
occurred while measuring the HRIP data. Furthermore, the IP detector produces diffraction
peaks which are visibly more asymmetric at low scattering angle. This trend can be seen in all
peaks below 30°, see fig. 5.12a, –b and –c. The trend is very visible in the most intense peak at
9.5°, see fig. I.2 in Appendix I. The peaks at 9.5° have the same shape towards higher angle in
the HRIP– and HR data, but towards low scattering angle the HRIP data shows a longer tailing
of intensity; an artefact from integration over a finite width of the Debye-Scherrer cones leading
to the high curvature of the cones being reflected in the peak intensity.
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Figure 5.13: Close-up of low angle data
from sample HRIP and sample HR at
different temperatures.

With this study it is possible to observe the differences and
similarities between the two different detector set-ups. Both
detectors produce high-quality data, but especially with the
separation of peaks during cooling, the MYTHEN OHGI de-
tector set-up shows more distinct peaks. The HRIP data
has a slightly increased peak intensity at low scattering an-
gle compared to the HR data. However, in most cases, the
intensity is not increased more than the background is ele-
vated thus making little difference for the diffraction pattern.

Altogether it can be concluded that both detectors are
very trustworthy, but that the MYTHEN OHGI detector set-
up allows for better analysis, since the high-angle detection,
signal-to-noise ratio and peak separation are better. Further-
more, the lack of asymmetry for the MYTHEN OHGI data
can greatly improve the refinements of multi-phase systems at elevated temperatures. Finally,
the possibility to measure TS data at the MYTHEN OHGI detector set-up is a great advantage,
as it makes it possible to compare the PXRD and e.g. PDF analysis for the same sample without
too many complications.

The diffraction pattern 5–50° can be seen in Appendix I.

5.5 HR

As a follow-up on the peak separation observed by Sandemann and Reardon, a series of measure-
ments with smaller temperature steps were made. Instead of measuring PXRD in 100 K steps,
the new measurements were made with 25 K steps to get a better resolution of how the separation
occurs. With the naked eye, the data seems to undergo little to no change at temperatures above
400 K, see fig. 5.14a, –c and –e. The separation is most prominent in the data measured at and
below 400 K. Inspecting the data as the temperature decreases show an almost step-by-step-like
separation of certain peaks. This is very obvious in the peak at 14.4°. This peak first shows a
small broadening which, as cooling continues, visibly becomes two peaks lying closely together at
250 K. With further cooling to 100 K two distinct and well-separated peaks emerge, see fig. 5.14b.

The same trend is seen other places in the data as well, especially in the two peaks at approx-
imately 19° turning into four peaks during cooling. Or at 23° where four peaks turn into six
peaks, of which five lie closely together and one moves quite far in the separation process, see
fig. 5.14c and –d. Peak separation also occurs at 25° and 26°. However, between 27° and 28° a
peak merging happens instead. Here a small peak at 27.5° is slowly engulfed in a larger peak at
a lower angle as the sample is cooled. Simultaneously the two peaks at 28° move closer together
and seem to split slightly at 100 K producing a shoulder and possibly a new peak towards lower
angle, see fig. 5.14e and –f.

More data plots e.g. from 5–25° with temperatures 100–1000 K can be seen as fig. J.1 in
Appendix J.
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Figure 5.14: Comparison of data from sample HR at multiple tempera-
tures and close-up at temperatures below 400 K for a better view of the
peak separation.

When inspecting the diffraction
patterns of sample HR before–
and after the heating measure-
ments, fig. 5.15a, it can be
seen that three of the four
peaks in the 13.5-15.5° range
sharpens visibly decreasing the
FWHM. Furthermore, two of
the four peaks increases in in-
tensity. This is not exactly
expected since the sample has
already been heated to 1000
K prior to this measurement.
Ergo, it would be expected that
any annealing, peak sharpen-
ing and intensity increase aris-
ing from the elevated tempera-
tures should have happened al-
ready. It is worth noticing that
the asymmetry of the peaks
between 14.0–14.5° is reduced
after being heated. This is
seen both in the HRIP data,
see fig. 5.15b, and interestingly
enough even more pronounced
in the HR data. Despite this
drastic change in peak shape the small impurity at 13.5° persists throughout the measurements,
as seen in fig. 5.15a.

The sample was heated to 977 K at the IP detector[49] and to 973 K at the MYTHEN OHGI
detector set-up, table G.1 in Appendix G. Therefore, an explanation for the change in peak shape
and intensity with heating at the MYTHEN OHGI detector set-up could be found in the time
a measurement at the different detectors take. The now-retired IP detector collected data very
quickly, thus exposing the sample to heat for a shorter time period.

A full diffraction pattern before and after heating can be seen in fig. J.2 in Appendix J. This
shows that the overall structure of the sample does not change with heating and that most im-
purities are still present after heating. This corresponds well with the reversibility reported in
the literature for both heating and cooling of CeSix compounds.

When modelling the HR data several things were tested to obtain a good refinement. It had
already been decided to use a tetragonal symmetry at high temperatures. With the peak sepa-
rations, it had to be investigated if the tetragonal symmetry was valid at low temperatures or if
the sample undergoes a structural transformation during cooling.

An attempt of modelling the data with an orthorhombic symmetry was made for the 100
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K data, UC parameters and R-values are found in table 5.12. Considering the high RF and
RBragg-values, above 10% and 14%, respectively, this symmetry was discarded as a model for
the data. A combination of a tetragonal– and an orthorhombic symmetry was tested. This
combination seems good enough if it is not compared to any other refinements. The RF -values
are below 5%. The difference between a– and b-axis length in the orthorhombic unit cell is 0.0133
Å, which is ≈6 times less than what is reported in the literature, but a larger difference than for
the orthorhombic unit cell at 500 K (0.003 Å).
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Figure 5.15: Comparison of (a) HR data and (b) HRIP data, before– and
after heating. Measured at 350 K and 300 K, respectively.

A refinement of the 100
K data with a single tetrago-
nal symmetry yields a fair re-
sult. However, when compar-
ing models using one– and two
tetragonal phases it becomes
clear that two phases describe
the data better. Thus both the
combination of a tetragonal–
and an orthorhombic symmetry
as well as the single tetragonal symmetry was discarded. The tetragonal–tetragonal symmetry
shows better agreement factors than all other tested models, below 2% for RF and only a bit
above 5% for RBragg, see table 5.12. When comparing the UC parameters for the model using
one tetragonal phase to the model with two tetragonal phases it is seen that the UC parameters
in the first model mostly resembles the values of the most intense phase in the two-phase system.
Thus, the data is treated as a single-phase and an undefined impurity in the first model.

Table 5.12: Refined unit cell parameters and agreement factors using different symmetry combinations on the 100
K data from sample HR

Refined symmetry a (Å) b (Å) c (Å) RF (%) RBragg(%)
Orthorhombic 4.16030(5) 4.15818(5) 14.02324(9) 10.1 14.82
Tetragonal + orthorhombic 4.15907(2) 4.17252(48) — 4.16148(54) 14.02446(7) 13.87036(60) 1.89 3.02 4.08 10.5
Tetragonal 4.15921(1) — 14.02351(7) 2.19 4.66
Tetragonal + tetragonal 4.15893(1) 4.17096(13) — — 14.02449(5) 13.85897(60) 1.59 1.64 3.5 5.59

It is important to be aware that there is a possibility of the data being modelled better with
two phases simply because of the extra parameters added to the refinement.

When inspecting the peaks at 13.5–15.5° at 100 K the differences between a one-phase model,
fig. 5.16a, and a two-phase model, fig. 5.16b, is not very noticeable. It seems that the 6 peaks
can be described fairly with one phase using the (hkl) reflections (211), (116), (107), (204), (008)
and (213). Even when consulting the agreement factors it would be unlikely to come up with
the idea of a model with two phases of the same symmetry, as the RF -value for a model with a
single I41/amd symmetry is well below 5%.

However, when inspecting the data measured at 225 K, it is clear that more than one phase
must be present. Shoulders are forming and a one-phase model miscalculates the intensities and
shapes of the peaks, as it is unable to ascribe the forming shoulders to any reflection within
the symmetry, see in fig. 5.16c. By introducing a second phase the shapes and intensities of the
peaks are more in correlation with the data measured where the shoulders are described by the
(116), (107), and (008) reflections, see in fig. 5.16d. The difference between the observed and the
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calculated intensities at 225 K clearly shows that a model with two tetragonal phases describes
the data much better than what can be obtained using one phase.

This agrees with what is observed in the literature, where phase separation has been observed
to begin at 260 K[20] or 300 K[7].
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Figure 5.16: Refinements of data from sample HR at different tempera-
tures with one– and two tetragonal unit cells. (a) and (b) at 100 K, (c)
and (d) at 225 K, (e) and (f) at 350 K.

Inspecting the HR data
thoroughly an asymmetry to-
wards lower angle seems to be
present at 350 K, see fig. 5.16e.
This could be explained as the
artefact from the high curva-
ture of the Debye-Scherrer cone
at low scattering angle, if these
data were measured on a detec-
tor that would show that kind
of artefacts. Since this is not
the case, the asymmetry in the
peaks at 14.5° must be caused
by the second phase that is
more distinct at low tempera-
tures. And surely enough, in-
troducing the second phase at
elevated temperatures improves
the refinements noticeably, see
fig. 5.16f.

This trend can be seen at
all elevated temperatures. Re-
fining the data using a model
with two phases results in a bet-
ter fit visually as well as im-
proved agreement factors, see
table 5.13. However, with RF -values below 5% for a single-phase model, it would not nec-
essarily occur as a logical step to add another phase at high temperatures. Furthermore, it
requires a very good d-space resolution to detect a second phase at elevated temperatures. This
will be discussed further in section 5.7.

An example of the difference between a single-phase model and a double-phase model is
shown for the (004) reflection at 500 K. A single-phase model is not sufficient to describe the
data properly as most low angle peaks clearly show asymmetry and therefore must contain more
than one phase. A much better fit is found when two tetragonal phases are used in the model,
see fig. 5.17a and –b. The (004) reflection described at 1000 K with a one-phase and a two phase
model can be seen as fig. J.3 in Appendix J.

Though it seems like there only is a single phase present at 400 K when inspecting the data, see
fig. 5.14, the refinements tell a different story. These results can be ascribed to the MYTHEN
OHGI detector set-up, as the slight asymmetry that indicates a second phase would, to some
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extent, be swallowed in the asymmetry from the Debye-Scherrer cones at low scattering angle
on an IP detector. Furthermore, since the MYTHEN OHGI detector set-up can measure to
very high scattering angle with a high signal-to-noise ratio detection of phase separation at high
temperatures is possible.
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Figure 5.17: Close-up of the peak at 7.4° in data measured at 500 K on
sample HR refined with one phase (a) and two phases (b).

Plotting the UC parameters
against the temperature gives
an overview of how the unit
cells change during heating and
cooling. It is seen that the a-
axis does not deviate much be-
tween the two phases, except
for the two lowest temperature
measurements, see fig. 5.18a.
However, the a-axis seems to
change its length non-linearly with temperature, as seen from the curved trend in the graph
that shows depressed values at high temperatures compared to the linear case.

Plotting the c-axis as a function of temperature hints that something peculiar is going on
in the sample. This axis does not follow anything that vaguely resembles a straight line. The
slight S-shaped curvature of the graph is quite spectacular. At the two lowest temperatures
measurements a sudden change occurs in the value of the c-axis of phase 2, see fig. 5.18b. This
could indicate that the sample might undergo a phase transition around 150 K or another event
that suddenly changes the length of the c-axis. It should be noticed that the sudden change in
length of the c-axis of phase 2, does not coincide with a change in the c-axis of phase 1. The
(less rapid) change in the c-axis of phase 1 occurs between 125–175 K, whereas the change for
phase 2 is rapidly happening in the temperature span of 125–150 K.

Peculiar changes in the UC parameter values were reported by Murphy et al. in 1992[7] but in a
less comprehensive temperature range and using neutrons for diffraction.
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Figure 5.18: (a) unit cell parameter a, (b) unit cell parameter c and (c) unit cell volume, all plotted against
temperature for sample HR.

The UC volume of sample HR as a function of temperature is not expected to show a linear
tendency as neither UC parameter "a" nor UC parameter "c" shows a linear tendency as a
function of temperature. Despite this a roughly linear tendency is seen for phase 1, with slightly
depressed values above 800 K. The UC volume of phase 2 does not follow a linear tendency quite
as well, as deviations from a linear tendency is also seen below 150 K, leading the average UC
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volume to deviate more significantly from a linear tendency, see fig. 5.18c.
The large change in c-axis does not greatly affect the UC volume which varies with a2 but

only depends linearly on the c-axis value. Thus it is expected that the tendency of the a-axis
will dominate the UC volume.

5.5.1 HR on the IP detector

The HRIP data from the now-retired IP detector of beamline BL44B2 at SPring-8 measured by
Jonas Sandemann and Hazel Reardon can likewise be refined using a two-phase model. This
yields slightly different results compared to what previously has been described by Sandemann,
see fig. 5.2.

In the new model, the a-axis does not change noticeably. This was not expected either.
The difference between the a-axes in phase 1 and phase 2 is reported in the literature to be
minuscule[7]. This is supported by the results from the HR data, as well as the HRIP data, see
fig. 5.19a.

Considering the value of the c-axis, a big difference is spotted between the HR– and the HRIP

data. Firstly the HRIP data looks almost linear above 400 K, as Sandemann showed. The c-axis
found from the HR data more clearly shows a curvature at elevated temperatures.

In the HRIP data is possible to detect a sudden decrease in the value of the c-axis in phase
2 as well as the increased value of the c-axis in phase 1, see fig. 5.19b. However, with the larger
temperature steps between the HRIP measurements it looks like this change happens at the
same temperature for both phases.

It should be noticed that in the HRIP data phase 1 has the largest c-axis value on average,
whereas it is opposite in the HR data. In both cases, it is phase 2 that shows a sudden drop
in the value of the c-axis. With better temperature resolution it becomes clear that it might
be the phase with the largest c-axis on average that changes suddenly. With fewer temperature
measurements it seems valid that the phase with the shortest average c-axis would suddenly
decrease and become even shorter.

The difference between c-axes of phase 1 and phase 2 in the HRIP data seems to be similar
through the entire temperature range (with exception of the 120 K measurement). This is not
what is seen in the HR data where the differences between the two c-axes vary more with tem-
perature.

The UC volume of phase 1 found in the HRIP data shows a clear linear tendency at temperatures
below 500 K, see fig. 5.19c. The HR data shows the linear tendency to continue to 800 K for
phase 1. Generally, the UC volume found in the HRIP data shows less of a linear tendency
compared to what is found in the HR data.

When investigating the UC parameters After heating (AH) for the HRIP data the values of the
c-axes lie close to the values each phase showed before heating. In the HR data the c-axes for
both phases show values closer to that of phase 1 before heating. This could be a sign of an
annealing process taking place during the measurement of the HR data but not to the same
degree during the measurement of the HRIP data.
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Figure 5.19: (a) unit cell parameter a, (b) unit cell parameter c and (c) unit cell volume, all plotted against
temperature for sample HRIP.

Another reason for the differences in UC parameters between the HRIP– and the HR data can
likely be found in the asymmetry (and absence of such) in the peaks measured at low scattering
angle on the IP detector. This asymmetry is bound to engulf some of the subtle proof of a
second phase in the sample, and thus alter the refinable values of the UC parameters in data
where asymmetry is present.

The RF -values from the HR refinements with one phase gives little clue to the fact that there
might be a second phase present in the data. All RF -values are below 5% (with exception of
the 800 K refinement). Thus, it would rarely cross anybody’s mind that these models could
be improved, see table 5.13. However, refining the data using two I41/amd symmetries reduces
the RF -value significantly. This is most pronounced at low temperature, but also at elevated
temperatures the RF , mostly for phase 1, is lowered significantly (with exception of the 700 K
data set).

Table 5.13: RF -values for refinements using a single-phase model (SM) and a double-phase model (DM) on HR
data measured at the Mythen detector

Temperature (K) 100 125 150 175 200 225 250 275 300 300 (HT) 325 350 350 (AH) 400 450 500 600 700 800 900 1000
SM, RF (%) 2.19 2.11 2.15 2.33 2.33 2.21 2.59 1.62 1.80 2.46 2.67 2.35 2.52 2.79 2.86 3.29 3.63 4.84 5.62 4.83 4.46
DM, RF phase 1 (%) 1.59 1.56 2.25 2.57 2.59 2.46 2.20 2.02 2.05 2.71 2.08 2.37 2.96 2.53 2.60 2.33 3.35 5.04 4.20 4.16 4.36
DM, RF phase 2 (%) 1.64 1.53 1.72 2.17 2.31 2.25 1.75 1.35 1.55 2.3 1.38 2.14 2.49 2.46 2.98 2.41 3.79 5.00 5.11 5.08 4.79

For the HRIP data this point is even more clear. Refining the data with a single I41/amd
symmetry leads to RF -values below 2% for all data sets. It would be natural to trust these fits
to a great extent and doubt that they could be any better. However, refining the data with two
I41/amd symmetries reduces the RF -value of phase 1 (and often phase 2 as well) so significantly
that it must be considered valid, see table 5.14. Since the RF -values for the refinements with one
phase are so close to perfection it would unlikely occur to anyone to add an extra phase when
modelling the data. Thus, one should almost know that a second phase is present before being
able to find it.

Comparing the RF -values of the HR data to the RF -values of the HRIP it can be seen that
the MYTHEN OHGI detector set-up more clearly shows an advantage of refining the data with
two phases, especially at low temperature. This can be attributed to the good signal-to-noise
ratio of the detector, the lack of asymmetry in low scattering angle peaks as well as the large
scattering angle that can be measured.

These marked improvements on the RF -values, in conjunction with the clear visual improve-
ment in peak shape description, show the presence of two distinct tetragonal phases.
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Table 5.14: RF s for refinements using a single-phase model (SM) and a double-phase model (DM) on HRIP data
measured at the now-retired IP detector

Temperature (K) 120 200 300 (LT) 300 (HT) 300 (AH) 400 500 600 700 800 900 1000
SM, RF (%) 1.27 1.26 1.39 1.58 1.14 1.60 1.50 1.40 1.36 1.19 1.02 1.04
DM, RF phase 1 (%) 0.972 1.10 0.954 1.07 0.967 1.13 1.20 1.19 1.10 0.970 0.954 0.990
DM, RF phase 2 (%) 1.03 0.86 1.26 1.65 1.33 1.47 1.58 1.55 1.46 1.25 1.38 1.44

Inspecting the weight fractions of the two phases in the HR– and HRIP data the first to be
noticed is that the two phases most likely have been interchanged at high temperatures such
that phase 1 in the HR data is determined to be phase 2 in the HRIP data and vice versa, see
fig. 5.20a and –b. This fits well with the UC parameters found in the two data sets where also
phase 1 and phase 2 have been interchanged at high temperatures between the HR– and HRIP

data.
At low temperatures, the weight fractions of the two phases are found to change significantly.

This change in weight fraction coincides with the sudden change in c-axis value for phase 2.
Both changes in weight fraction and c-axis length occurs at the same temperature and with the
same rapidness. However, it makes very little physical sense that the weight fractions change so
severely at low temperatures, as the mobility in the structure should be greatly constrained at
these temperatures. The massive change in weight fractions possibly reflects an inadequacy in
the model instead.
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Figure 5.20: Weight fractions of the two phases as they are calculated through refinement of (a) Mythen data
and (b) IP data.

Finally, when inspecting the weight fractions of the AH measurement of sample HR and HRIP

these are found to coincide greatly with the weight fraction before heating. A small difference
is found in the HRIP data, where phase 1 seems to have increased slightly with the heating
procedure.

However, the AH weight fraction in the HRIP data is not consistent with the before-heating
weight fraction in the HR data, even when interchanging phase 1 and phase 2. The difference
between the two calculations is approximately 18%, too much to be considered uncertainty.

The reason that the weight fraction AH at 300 K for HRIP does not coincide with the weight
fraction for HR 300 K before heating is not quite clear. It can be speculated whether it might
be a question of better detector resolution or storage time on the shelf as these factors should
be the only differences between the two measurements. However, it is just speculation and no
proper reason can be given for this peculiarity.

It would be expected that sample HR shows a steady weight fraction between before– and
after heating measurements as the sample has been heated previously. However, since several
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signs of an annealing process have been found in the HR data despite previous heating it might
be expected that the weight fractions would change somewhat between the 350 K– and the 350
K AH measurement. But this is not the case. It must be considered how the change in the HR
data during heating can take place without affecting the weight fractions. It could be possible
that the annealing mainly takes place in one of the phases (probably phase 2, as the c-axes of
phase 2 changes most significantly) while preserving the ratio of the phases.

5.6 IW

The data measured at the in-house Rigaku instrument gives the impression that the HR and IW
samples are quite similar, see fig. 5.3. However, cooling data measured at BL44B2 at SPring-8
paints another picture.

A good example of the differences between the samples is seen for the reflection at ≈11°. The
peak position in the HR data mainly changes with elevated temperatures as the unit cell becomes
larger with thermal expansion. At low temperatures, a slight peak separation towards higher
scattering angle can be spotted beginning at 150 K resulting in a barely noticeable separated
peak at 11.2° at 100 K, see fig. 5.21a.

In the IW data a shoulder starts forming towards higher scattering angle at 225–250 K. The
peak separates further as cooling continues and a shift in intensity between the peaks occurs
between 175–200 K. At 100 K the most intense peak is at the previous position of the shoulder
at 225 K with a less intense peak towards lower scattering angle, see fig. 5.21b.

The data from sample IW and sample HR shows peak separation of the reflection at ≈11°
in opposite directions and with different intensities. At this scattering angle, the data from the
two samples look most alike at 1000 K.

Between sample HR and sample IW there are several examples of peak separation of different
peaks throughout the data. These differences could suggest that the method of production might
be less reproducible than it has been assumed earlier. Sample HR and IW have been prepared
as similarly as possible. It was deliberately chosen not to anneal sample IW before sending it to
SPring-8 in an attempt to make the data from sample IW resemble the data from sample HRIP,
and possibly sample HR, as much as possible. Furthermore, it would be interesting to observe
what happens in the sample when it is first heated.

Thus, the only difference between the samples should be that sample HR has been heated
previously as it has been measured to 1000 K on the now-retired IP detector at SPring-8. As
seen in section 5.5 this heating cycle does not make a great difference for the sample as the peak
separation during cooling is a reversible process and the heating does not permanently change
the peak positions in the HRIP data.

A bug seems to be present in the IW data at 600 K and 700 K where a set of "teeth" runs through
parts of the ≈11° peak. This feature is seen in a few other peaks for the same temperatures
measurements but is far from a general observation in the data. After thorough discussion and
much racking of brains, it was decided that the feature might arise from the rotation of the
detector to create a high-resolution data-set. This deduction is based on every other data point
is a bit "off-centred" along some parts of the data.
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Another option is that the sample is changing during the time it took to make the measure-
ment (90 seconds). This creates the feature when two data-sets are stitched together. Since the
feature is only present in the 600 K and 700 K measurements a correlation with the annealing
process, which will be discussed later, could be found. It is very interesting that only some peaks
show this feature, as it implicates, if the feature truly arises from annealing, that only some
peaks are changing during this process.

However, it was decided not to put more effort into figuring out why the feature appears as
it likely only will affect the refinements to slightly increased agreement factors.

At elevated temperatures a change in the IW data is seen. It possibly begins at 600 K, but
with the feature, it is difficult to be certain. At 800 K the peak at ≈11° has a shoulder towards
higher scattering angle. A shift in peak position towards noticeably lower scattering angle is also
clearly seen at 800 K. At 1000 K the shoulder has been engulfed in the peak again, but the peak
position remains shifted towards lower scattering angle, see fig. 5.21b.
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Figure 5.21: Comparison of (a) HR data and (b) IW data upon cooling at the 11° peak and (c) IW data in the
7–10° range.

An explanation for this behaviour is found in the impurities around 8°. The impurity peaks
remain constant with cooling, but when heating the sample to 500 K the impurity peaks start
to increase in intensity. The peaks are most intense at 600 K and 700 K. At 800 K the intensity
decreases slightly and at 900 K the impurities have disappeared completely, see fig. 5.21c and do
not reappear in the AH measurement. On the other hand, the peak positions are permanently
shifted towards lower angle in the AH measurement, see fig. 5.22a.

The shoulder growth on the reflection at ≈11° happens simultaneously with the intensity
increase of the impurity peaks around 8°. The sudden change in peak position coincides with the
decrease and disappearance of the impurity peaks. The impurities likely consist of Ce and/or
Si atoms which are then incorporated in the main lattice at elevated temperatures. Thus, the
IW data shows step-by-step how an annealing process could look and how the incorporation of
impurities into the unit cell changes its size and thereby the peak positions in the diffractogram.

It is clear to see that the impurities present at 8° before the sample is heated has disappeared
in the AH data, see fig. 5.22a. A close-up of the two data sets at 13.5–15.5° shows a visible
shift in peak position for all four peaks. The peaks have shifted to lower scattering angle in
equal measures which indicates that the unit cell has become larger. Furthermore, the peaks are
slimmer AH, resulting in a lower background between peaks, as the slightly elevated background
before heating likely originated from tails of intensity overlapping. Finally, a decrease of "asym-
metry" towards lower scattering angle as well as an intensity increase of the peaks is observed,
see fig. 5.22b. This all points in the direction of the impurities observed before heating being
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incorporated into the main lattice when the sample is heated above 800 K.
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Figure 5.22: Comparison of (a) IW data and (b) a close-up of IW data
before and after heating. Measured at 350 K.

The feature discussed in fig. 5.21b
is also seen in the peaks at
14.25° and 14.5°. However, the
15.0°– and 14.0° peaks are not
affected by this feature. At 700
K the 14.25° peak broadens and
a clear shoulder is formed at
800 K. This shoulder decreases
and disappears as the sample is
heated to 1000 K. The trend is
the same as what is found for the ≈11° peak, see fig. 5.23a.

The LT IW data shows a much different pattern of peak separation than the HR sample
displays.

At 250 K a shoulder begins to appear at the 14.25° and 14.5° peak towards higher scattering
angle. The shoulder might be detectable at higher temperatures, but it is visible with the naked
eye at 250 K. When the temperature decreases the intensity of the separating peaks changes. At
250 K and 225 K, the splitting leads to shoulders towards higher scattering angle. At 200 K the
separating peaks are almost equal in intensity at 14.25°. When decreasing the temperature to 175
K a shift in intensity between the separating peaks is seen. The most intense peak is now at the
position of the previous shoulder. The less intense peak slowly moves towards lower scattering
angle while it continuously decreases in intensity. This trend is expressed more strongly in the
14.5° peak, see fig. 5.23b.
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Figure 5.23: Comparison of data from sample IW at multiple tempera-
tures between 100–1000 K and close-ups at temperatures below 400 K for
a better view of the peak separation.

To summarise: the 100 K
data from sample IW shows
a splitting with 5 defined
peaks between 14.0–14.5° and
one peak that only separates
slightly at 15.0°. The 100 K
HR data show a peak split-
ting with 4 peaks in the 14.0–
14.5° range, 1 peak at 14.8° that
have separated clearly from
the 15.0° peak. This dif-
ference in peak splitting be-
tween the samples will af-
fect the refinements of the
data.

Distinct peak splitting with
cooling can be found at higher
scattering angle as well e.g. the two peaks 20.5° split into three peaks at 100 K, with the cross-
over in intensity from 200 K to 175 K as described previously. The peaks at this scattering angle
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also show a shoulder formation at elevated temperatures, possibly with an intensity cross-over
from 600–800 K as the shoulder forms towards lower scattering angle at 600 K, but is most
clearly observed towards higher scattering angle at 800 K, see fig. 5.23c.

The cluster of peaks in the range 22.5–23.2° behaves strangely with a mix of peak combination
and peak splitting. At 250 K 4 well-defined peaks can be seen, where at 400 K there are 3 distinct
peaks and a peak with a shoulder. As the cooling continues so does the peak splitting resulting
in a fairly messy cluster of bigger and smaller peaks at 100 K, see fig. 5.23d.

Excessive peak separation can be found at a much higher scattering angle as well, but this
will not be described in detail here, see Appendix K for more figures.

After the inspection and refinements of the HR data it was unnecessary to model the IW data
at 100 K with an orthorhombic symmetry. Instead, a single I41/amd symmetry, a combination
of a tetragonal and an orthorhombic symmetries as well as the combination of two I41/amd
symmetries were used as bases for the Rietveld refinement of the IW data.

If the agreement factors are consulted only, a single I41/amd symmetry seems to provide an
acceptable model for the IW data at 100 K, as the RF -value is below 4% though RBragg is above
10%, see table 5.15. However, when inspecting the visual fit it is obvious that a single I41/amd
symmetry does not model the data well enough. Several of the peaks emerging from the peak
separation are left completely undescribed by the model as reflections (107) and (204) as well as
(008) and (213) describes the most intense peaks in pairs, see fig. 5.24a.

To make up for this a combination of a I41/amd symmetry and an Imma symmetry was
attempted without much success as the agreement factors are above 5% of RF and above 11%

for RBragg, see table 5.15.
Moving on to a combination with two I41/amd symmetries provided better results. Not only

are both the RF and the RBragg-values below 5% but close to all previously undescribed peaks
in the diffractogram can be described with an additional tetragonal phase with the (116), (107)
and (008) reflections of the new phase modelling the separation peaks, see fig. 5.24b.

Table 5.15: Refined unit cell parameters and agreement factors using different symmetry combinations on the 100
K data from sample IW

Refined symmetry a (Å) b (Å) c (Å) RF (%) RBragg(%)
Tetragonal 4.1678(3) — 13.84132(13) 3.41 10.08
Tetragonal + orthorhombic 4.16049(5) 4.17682(25) — 4.16079(24) 14.01422(20) 13.84117(13) 6.38 5.56 11.4 12.0
Tetragonal + tetragonal 4.16040(4) 4.16866(1) — — 14.01016(17) 13.83853(6) 1.72 1.66 4.41 4.08

Figure 5.24a and –b are very clear examples showing the presence of two different phases in the
IW data. Though the phases are of the same symmetry they behave differently upon cooling,
leading to the peak separation.

The HR data could, more easily, be described with a single tetragonal phase at 100 K, but
it is very clearly impossible to describe the IW data with a single I41/amd symmetry at 100 K.

While it seems that a two-phase system becomes more fitting for the HR data at 225 K and
350 K, see fig. 5.16, it appears to be opposite for the IW data. The difference between refining
the IW data with one– and with two phases becomes less and less prominent with increasing
temperature.

A good example of this is seen when comparing the 175 K data to the 225 K data. At 175 K
several shoulders are present and a one-phase model does not refine these shoulders the slightest,



5.6. IW 53

see fig. 5.24c. With two tetragonal phases, the shoulders are modelled almost perfectly with the
reflections (116), (107) and (008) of phase 1 describing the shoulders and phase 2 taking care of
the most intense peaks, see fig. 5.24d.
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Figure 5.24: Refinements of data from sample IW at different tempera-
tures using one– and two unit cells.

Where the HR data at 225
K clearly contained two phases,
the evidence for this in the IW
data at 225 K is more sub-
tle. Adding a second phase
still improves the refinement,
especially the description of the
peak intensity, though consult-
ing the Yobs–Ycal line might be
necessary to see the improve-
ment, see fig. 5.24e and –f.

It should be noted that
the most intense peaks in the
diffraction pattern change from
being described by phase 1 to
by phase 2. This does not hap-
pen as phase 2 is added to the
refinement but as the temper-
ature changes. It can be seen
that when phase 2 is added to
the refinements at and below
175 K this phase will describe
the most intense peaks. For
the 200 K data and tempera-
tures above it is phase 1 that
describes the centre of the peaks
(thus the phase with the most
intensity) and phase 2 describes
the shoulders and slight "asym-
metry" towards lower scattering
angle, see fig. 5.24e, –f, –g and
–h. During the annealing above
600 K reflections with a large l -
contribution are affected to most.
More examples of refinements with a single unit cell versus refinements with two unit cells can
be seen in Appendix K.

Besides looking at the visual representation of the modelled data the RF -values at low tempera-
tures benefit greatly from adding a second phase. The RF -values of the double-phase model are
close to half the value of RF for a single-phase model for temperature below 175 K, and much
reduced for one, or both, phases up to 275 K.
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In the temperature range 300–450 K, the model shows slightly increased RF -values for one
of the phases when adding a second symmetry. The average RF of the two-phase models is,
however, slightly decreased compared to a single-phase model. In the high-temperature range,
the RF decreases for one of the phases in the two-phase model compared to the RF of the single-
phase model (with exception of the 700 K refinement). However, the average RF is in most cases
be slightly increased compared to the RF -value of a single-phase model.

The AH model shows a noticeable increase in the RF -values of the two-phase model, com-
pared to the one-phase model, see table 5.16.

Truly, the agreement factors do not benefit greatly from adding a second phase to the model
when describing RT data. As most samples are screened at RT at in-house instruments with
lower resolution than synchrotrons, a sample like IW will undoubtedly give the impression of
a single-phase system. Refining the LT data is then very troublesome as it seems like a second
phase suddenly appears when cooling the sample.

Since the data can only be refined properly with two phases below 275 K, and since the
peak shape description visually benefits from inclusion of a second phase, it has been decided to
refine the IW data at all temperatures using two I41/amd symmetries. It could be investigated
further if this model breaks down at a specific temperature, and in that case, when it would
be reasonable to move from one model to the other, or if there exists a grey area where both
interpretations are equally good.

Table 5.16: RF s for refinements using a single-phase model (SM) and a double-phase model (DM) on IW data.

Temperature (K) 100 125 150 175 200 225 250 275 300 300 (HT) 325 350 350 (AH) 400 450 500 600 700 800 900 1000
SM, RF (%) 3.41 3.40 3.61 3.71 2.18 1.71 1.79 3.11 2.88 1.86 1.66 1.81 2.07 2.26 2.95 2.37 3.41 3.64 2.82 4.36 4.22
DM, RF phase 1 (%) 1.72 1.64 1.52 1.47 1.32 1.52 1.39 2.52 3.05 1.75 1.66 1.83 2.63 2.25 2.60 2.33 3.45 4.25 3.33 4.68 5.26
DM, RF phase 2 (%) 1.66 1.63 1.60 1.74 2.06 2.59 1.35 2.56 3.06 1.89 1.67 1.79 2.15 2.07 2.98 2.42 3.28 3.91 2.77 4.16 3.54

The UC parameter values from refinements of the IW data shows an a-axis value that does not
differ much between the two phases. A slight crossover is seen between 250–325 K, where phase
1 has the larger a-axis value instead of phase 2 as the rest of the data sets show, see fig. 5.25a.
The differences in a-axis value are on the third decimal. The calculated uncertainties of the
UC parameters are ± 5·10−4 to 5·10−5 and thus the crossover in UC parameter "a" cannot be
ascribed to uncertainties alone.

UC parameter "c" exhibits a much more pronounced version of the trend observed in c-axis of
sample HR. A strong almost V-shaped change in the c-axis value for phase 1 aligns with an
abrupt drop in the c-axis value for phase 2 between 225–250 K, see fig. 5.25b.

It would be interesting to do PXRD measurements in this temperature range with very small
temperature steps to investigate if the sudden drop of c-axis value can be pinned down to an even
more exact temperature or if the decrease happens gradually but over a very short temperature
span.

The volume of the different unit cells in sample IW show a crossover in size between 225–250
K. The volume of the two phases deviate visibly from each other at both low– and high temper-
atures. As a consequence only the average UC volume can be estimated with a linear tendency
as a function of temperature, slightly deviating from this tendency at very high temperatures,
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see fig. 5.25c.

Finally, a remark on the UC parameter values after heating. With heating the a-axis of both
phases changes drastically, leading to different values, which are much larger in the AH refine-
ment. However, the UC parameters are expected to increase as the impurities in the sample are
incorporated into the main phases.

The large separation between the two a-axis values, which is only seen AH, leads to some
speculations. It might be that the two different phases in the sample incorporate the impurities
in different measures, leading to one phase having a larger unit cell than the other. Before
heating only the c-parameter differs noticeably between the two phases.

Possibly, the IW sample contained more strain before heating than the HR– and HRIP sample
did, leading to a greater relaxation with elevated temperatures. Furthermore, the incorporation
of impurities into the lattice is bound to affect UC parameters.

But, the great change in AH UC parameter values might simply be because a model with two
phases does not suit the data as well, as the RF -values indicate. The values are still considered
trustworthy, but they indicate that a single-phase model fits the data a bit better at 350 K after
an annealing process. When looking at the c–parameters AH it is noticed that the c–axis for
phase 1 is shorter than that of phase 2. Which is opposite to what is observed for the a-axes.

The HR data does not change in the same way with heating. The change observed in the HRIP

data is a bit more pronounced, but still low compared to the IW data.
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Figure 5.25: (a) unit cell parameter a, (b) unit cell parameter c and (c) unit cell volume, all plotted against
temperature for sample IW.

The weight fractions of the two phases in sample IW clearly shows why phase 1 and phase 2 shift
between describing the most intense peaks in the diffractogram. It is seen that between 200–700
K phase 1 is dominating in weight fraction. This coincides very well with what is observed
previously – that phase 2 overtakes the description of the most intense peak 175 K. The same
shift is seen at 800 K, where again phase 2 takes over the most intense peak. This is probably
due to the shoulder formation at these elevated temperatures as a part of the incorporation of
impurities into the main phases.

A shift between phase 1 and phase 2 as the majority phase only happens once in sample HR
between 150–175 K where the UC parameter "c" in phase 2 also suddenly changes.

The crossover between phases does not coincide with a sudden change in UC parameter val-
ues in sample IW.



56 CHAPTER 5. RESULTS AND DISCUSSION

The weight fraction found in the AH measurement resembles the weight fraction of the 1000 K
data set to such a degree that it cannot be ignored. There is a possibility that the phases have
been interchanged in this refinement. But also there exists the possibility that the annealing
occurring at 800–1000 K changes the relation between phase 1 and phase 2 in the sample.

It would be very interesting to investigate sample IW with another set of cooling measure-
ments, to see if the annealing has changed the nature of the peak separation observed through
the first cooling cycle. Based on literature and the HR data, such an effect of annealing on peak
splitting is not expected to occur. However, most literature on peak separation is based on data
with low temperature resolution, collected using a larger radiation wavelength and in a smaller
angular range compared to what BL44B2 at SPring-8 can produce.
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Figure 5.26: Weight fractions of the two phases as they
are calculated through refinement of IW data measured
at the Mythen detector.

Sample HR did not show as great a
change in weight fractions upon heating as
sample IW, not the first nor the second
time, and as sample IW and sample HR
are very different, it might be poor judge-
ment to assume that the results from theHR
data can be directly transferred to the IW
data.

As mentioned earlier the peak separation upon
cooling differs greatly between sample HR and
sample IW. To get a better understanding of
how great the difference is between the two
samples the separation observed for the (105)
reflection at ≈11° is compared. First, it be-
comes clearer why it is not obvious to model the 100 K HR data with two I41/amd symmetries
as the small peak towards higher scattering angle is easily overlooked and interpreted as an im-
purity. As the intensity of this peak is rather low compared to the main peak leaving it unrefined
will only affect the agreement factors slightly in the same way a mismatched background or a
small change in excluded regions might do, see fig. 5.27a and –b.

The 100 K IW data exhibits a very different peak separation. The two data sets show the most
intense (105) reflection at opposite positions. When modelling the IW data with a single I41/amd
symmetry a completely unsatisfying fit is revealed, opposed to a model with two I41/amd phases,
see fig. 5.27c and –d.

Concluding remarks on IW and HR

It can be concluded the IW data undoubtedly has two distinct phases of same tetragonal sym-
metry (I41/amd) but with differing UC parameter values at low temperatures. Between 225–250
K a sudden change occurs in phase 2 decreasing the c-axis value greatly within a very short tem-
perature span. This leads the thoughts to a phase transition with temperature as vacancies in
the structure rearrange. However, further investigations must be performed before a conclusion
can be made, as no change is observed in the a-axis value.
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Figure 5.27: 100 K data from sample HR modelled with
(a)a single-phase model and (b)a double-phase model.
100 K data from sample IW modelled with (c)a single-
phase model and (d)a double-phase model.

When increasing the temperatures beyond
800 K an annealing process takes place in the
sample. The data shows how impurities are
incorporated into the main lattice leading to a
permanent change in lattice parameters.

Refining the IW data above 450 K with
two phases does not greatly benefit the R-
values of the model, but it does not harm
the results greatly either. For several rea-
sons, it can not be decided based on these
results if there is a temperature at which the
two-phase model breaks down and a one-phase
model must be used instead. First, the differ-
ence in RF -values between the two models at
high temperatures is small. Secondly, satisfy-
ing refinements at low temperatures can only
be made with a two-phase model and finally are the c-axis values still significantly different above
450 K when refining with a two-phase model.

Inspecting the c-axis value closely it can be argued the value of the two c-axes approaches
each other slightly at 1000 K. If the sample is heated to even higher temperatures the two c-axes
might become so similar in value that it would be most reasonable to use a single-phase model
to describe the data.

A two-phase model for the HR data results in visually better model at different temperatures
than for the IW data. The HR data also exhibits a sudden change in c-axis value of phase 2,
but at 125–150 K.

Sample IW and sample HR behave so differently upon cooling that they can hardly be
treated as directly comparable. The explanation must be found in the different stoichiometry
of the samples, leaving different amounts of vacancies in the lattice, leading to more or less
movement of Si atoms during cooling.

The sudden change in c-axes value is also found by Murphy et al., see fig. 2.5, when inves-
tigating a CeSi1.85 sample. Murphy et al. finds the abrupt change to happen between 250–275
K which is closer to the temperature for the change in UC parameter "c" found in the IW data
than the HR data. However, the refined stoichiometry of IW is also closer to the stoichiometry
of the sample by Murphy et al. Thus, the temperature at which the change in c-axis value occurs
is possibly connected to the stoichiometry of the sample.

5.7 d-spacing resolution and comparison to literature

A way of comparing the detector resolution is to compare the smallest d-spacing that can be
measured at the instrument. This is widely used for single crystal measurements and gives a good
idea of how much the measurements should be trusted when it comes to small changes in lattice
parameters or other fine observations. The IUCr standard for publishable single-crystal data
requires a d-space resolution of at least d=0.84 Å. A high resolution of d-space allows for better
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refinement and more thorough analysis. The resolution of d-space is calculated as d = λ
2 sin θ

where λ is the wavelength used for measurement and θ is half the scattering angle measurable
in 2θ.

An estimate on d-space resolution of the data in the different papers is made based on qualified
guessing. It should be noted that the d-space resolutions renounced for the MYTHEN OHGI
detector set-up and the now-retired IP detector are calculated based on what scattering angle
the data have been refined to, not what scattering angle data are measured to. This is the main
reason for the big difference in d-space resolution between the LT set-up and the HT set-up at
BL44B2.

The d-spacing resolution calculated for the measurements made by Madar et al., Murphy
et al. and Murashita et al. is based on the maximum measured scattering angle, as neither
paper states if they exclude high angle data. It was decided to give the papers the bene-
fit of the doubt and assume the best possible d-space resolution for the data, see table 5.17.

Table 5.17: Calculations/ qualified guesses of d-spacing resolution of data from
different detectors/ papers.

Detector / Author of cited paper d-space resolution (Å)
In-house Rigaku R2D2 1.09
IP detector at SPring-8 BL44B2 0.436
Mythen detector at SPring-8 BL44B2 0.450 (HT set-up)
Mythen detector at SPring-8 BL44B2 0.318 (LT set-up)
Madar et al.[20] 1.04
Murashita et al.[2] 0.797
Murphy et al.[7] 0.809

To measure data capable
of detecting a second phase
at elevated temperatures a
large scattering angle and
a good signal-to-noise ra-
tio is needed. These cri-
teria are met to a greater
extent with the MYTHEN
OHGI detector set-up than
with the IP detector. But
still greater at the IP detector than at in-house diffractometers and at D2B diffractometer at
ILL which was used for data collection for papers by Madar et al. and Murphy et al.[7][20]. As
Murashita et al. does not state which wavelength they used for data collection, nor at which
synchrotron they performed their experiments, an assumption of λ=1.594 Å is made, similar to
what Madar et al. and Murphy et al. used.

The data for this thesis have been measured on a very powerful detector with an extremely good
d-space resolution. Furthermore, the data have been measured over a large temperature range
in rather small steps.

Most literature that reports observations of peak separation use neutrons for data collection
as it previously was the only technique powerful enough to observe subtle changes in the lattice
of CeSix compounds. Generally, the data was measured in steps of 50 K[7] or a selection of a few
temperatures was made at which data were collected[35][20].

To the authors knowledge peak separation observed with X-rays has only been reported once
(by Murashita et al.[2]), measured in the temperature range 10–273 K in steps of 10–15 K. Even
though Murashita et al. measured with smaller temperature steps at to a lower temperature
than what was managed in this thesis, they do not measure above room temperature.

The d-spacing resolution for previously reported data is roughly twice the resolution of the
data collected in this thesis.
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5.8 Debye’s model

It is assumed that the atoms in a solid always execute small vibrational displacements in the x–,
y– and z-direction from the equilibrium position. These are lattice vibrations and when atoms
are viewed as interconnected harmonic oscillators the atoms can form larger collective vibrational
modes in the crystal. These vibrational modes are described as phonons, a quasi-particle similar
to the way photons are used to describe electromagnetic radiation.

Debye’s model is used to describe these thermal vibrations by assuming a monoatomic cubic
lattice. This, unfortunately, means that the model disregards optical phonons as these are out-
of-phase vibrations of atoms and thus requires at least two atoms to exist in the monoatomic
cubic unit cell[54].

The Debye temperature, ΘD, marks when the wavelength of a phonon is the same size as the
unit cell. When λ is smaller than the size of the unit cell the lattice will not be able to "see"
the vibrations. Thus the vibrations are independent of the lattice when λ is small. ΘD divides
between collective thermal lattice vibration and independent thermal lattice vibrations[55].

The relation between the mean square isotropic displacement, Uiso and the Debye temperature
is seen in eq. (5.1). In a refinement Biso is modelled for each atom. Biso is converted to Uiso
through Uiso = Biso

8π2 .

Uiso =
3h̄2T

mkBΘ2
D

(
T

ΘD

∫ ΘD
T

0

x

ex − 1
dx+

ΘD

4T

)
+ d2 (5.1)

where h̄ is the reduced Plack’s constant, T is the temperature, m is the mass of the atom (or
the average mass of the atoms) kB is Boltzmann’s constant, ΘD is the Debye temperature and
d is a factor which is added to account for any potential temperature-independent disorder. It
has previously been proposed that negative d values might be an indication of anharmonic con-
tributions to the vibrations[56].

By numerically fitting of the Uiso parameters as a function of temperature it is possible to
calculate the Debye temperature for each sample. The Debye temperature is characteristic for
each material and is directly related to the speed of sound within the material and thereby
says something about the stiffness of the lattice. The Debye temperature corresponds to the
temperature at which the highest vibrational normal mode can be found in the lattice. This
vibrational normal mode will vibrate with the Debye frequency, ωD [54].

A Matlab script was used for numerically fitting the thermal dependence of the Uiso values
and calculating the Debye temperature, kindly lent by K. F. F. Fischer et.al.. The script was
first used to fit an expression and calculating the Debye temperature for RuAs2[57]. The exact
temperatures found through the temperature calibration is used for the calculations, see chap-
ter G.

The calculations yield a Debye temperature of 292(8) K for sample HR with a d2 value of -
0.0018(6) Å2. For sample IW the Debye temperature is calculated to 331(11) K with a d2 value
of 0.0018(6) Å2.
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The only Debye temperature found in literature is for CeSi2, from 1982, calculated to be 302
K by Yashima et al.[1], which is close to the Debye temperature of sample HR.

As the d2 value for HR is negative an anharmonic contribution to the vibrations must be
considered, but the value is very small and with relatively large uncertainty which suggests that
this contribution is very weak. Finally, it should be noted that the Uiso values differs greatly
from the expected linear tendency at high temperatures making the Debye fit rather questionable.

Turning to sample IW a larger Debye temperature is found with a slightly larger uncertainty.
The Debye temperature for sample IW is significantly larger than what is found in literature,
even within uncertainties. Again the Debye model encounters problems when modelling the high
temperature Uiso values making the results fundamentally suspicious. Nonetheless, the difference
in Si occupancy between the samples would be expected to affect the Debye temperature to some
degree.
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Figure 5.28: Average Uiso for Ce and Si atoms in sample HRIP, HR
and IW as calculated through refinement of PXRD data. Sketches
of Debye fit is made in same colours.

When fitting the Uiso values and
calculating the Debye temperature
for sample HRIP a Debye tem-
perature of 335(11) K is found.
This could indicate that the De-
bye temperature might decrease
with heat treatment. However,
as the Uiso values for HR dif-
fers significantly from a linear ten-
dency, and the two data sets
are measured on different detec-
tors with slightly differing Qmax,
the comparison between HRIP and
HR is made on a weak founda-
tion.

The Debye temperature for most
crystals lie between 200–400 K. Thus, the Debye temperatures for sample HR, HRIP and sample
IW lies neatly in the middle of the normal spectrum for crystals. The samples are neither specif-
ically hard with large wave velocity and high thermal conductivity or specifically soft with short
wave velocities and low thermal conductivity. The lattice shows collective thermal vibrations at
low temperatures when the phase separation becomes more visible.

The exact Debye fits as they have been calculated in the MatLab script can be seen in Appendix
L.

5.9 PDF analysis and comparison with PXRD analysis

PDF modelling has been performed by Jonas Beyer. It is presented in this work as a supplement
to the PXRD analysis. It should be noted that the PDF analysis is not able to stand alone.
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A large difference in background is seen if the normalised XRD data from sample HR and sam-
ple IW are held against each other. The elevated background in the IW data stems from an
increased diffuse scattering from the sample. To discard the possibility that the elevated back-
ground in IW stems from a lack of annealing, the 350 K AH IW data is used, see fig. 5.29. The
normalised data at other temperatures show the same trend, both at decreased and increased
temperatures, see fig. M.1 in Appendix M. As the total scattering might contain information
which has not been revealed by the PXRD analysis, it was deemed reasonable to investigate the
data with PDF analysis.
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Figure 5.29: Normalised PXRD data at 350 K for (blue)
sample HR before heating at SPring-8 and (red) sample
IW after heating at SPring-8.

PDF models were made with one phase and
with two phases to investigate if a difference
between models was visible.

The 100 K IW data shows a clear dif-
ference between the model using one struc-
tural phase, fig. 5.30a, and the model with
two phases, fig. 5.30b. The difference between
the observed data and the calculated model is
much reduced when using two phases to de-
scribe the data. This is expected as the same
trend is seen in the PXRD refinements. How-
ever, the PDF model with one phase would
most likely be found suiting if the PXRD re-
finements had not suggested a two-phase system. The two separating phases in the PDF data are
more subtle and more difficult to visually isolate. The reduction in the difference line between
the two models is the most significant sign that a two-phase model suits the data better.
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Figure 5.30: PDF refinements of IW data at 100 K using
one– (a) and two (b) phases in the model.

Thanks to the pristine quality of the
MYTHEN OHGI data, the subtle signs of
a second phase is not engulfed in noise.
With the two-phase model established as
significantly better for PDF, the results
from the PDF refinements can be com-
pared to the results from PXRD analy-
sis.

The weight fraction was used as a measure of
how much of each phase was present in the
PXRD analysis. From the PDF refinements,
the scale factor fulfils the same purpose. The
scale factors from the PXRD models are also
presented in this section for easy visual comparison. In the models where one of the two phases
are allocated very little intensity, care must be taken. The model struggles to refine the UC
parameters properly for a phase with very little intensity.
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Results from HR data The scale factor from the PDF models of the HR data shows one
crossover in intensity between the phases at 150–175 K. At temperatures above 175 K, the
intensities of the two phases rather stable. Only at 900 K and 1000 K is phase 1 allocated
little intensity, see fig. 5.31a. Large errorbars are present for the scale factors of both phases at
600–800 K. The AH value of the scale factor shows a great difference in intensity between the
two phases, much like the intensity allocated the two phases at 1000 K.

The crossover in intensity is also seen in the PXRD models between 125–175 K with a true
crossover at 125–150 K. For the AH model the two phases are allocated nearly the same intensity,
see fig. 5.32.

The difference in crossover temperature and in the intensity of the phases after heating is not
easily explained. The PDF and PXRD data would be expected to show the same result. Since
this is not the case at these specific temperatures, one could begin to speculate in what makes
the two analysis methods interpret the data differently.
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Figure 5.31: Extracted results from PDF refinements, (a) Scale factor, (b) UC parameter a and (c) UC parameter
c for sample HR.

The UC parameter "a" from the PDF refinements show a similar trend to what is found with
PXRD. The only noteworthy deviations are seen at 900 K and 1000 K, where the a-axis value
(and c-axis value) of phase 1 suddenly drops. This should not be taken too seriously, as phase 1
is allocated very little intensity at these temperatures, making it difficult for the model to refine
UC parameters correctly, see fig. 5.31b.
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Figure 5.32: Scale factor extracted
from PXRD for sample HR

The UC parameter "c" from the PDF analysis is inverted
for the two phases at temperatures <175 K compared to what
the PXRD analysis finds. Thus the unit cells proposed by the
PDF models are different compared to the unit cells proposed
by the PXRD models, see fig. 5.31c.

The AH PDF model shows a-axis values for phase 2 coincid-
ing perfectly with the values found before heating. The a-axis
value for phase 1 differs slightly before and after heating. The
c-axis values AH fits well for both phases with the values before
heating. The AH c-axis values in PDF are closer to the before
heating values than the PXRD refinements show. This is interesting as phase 1 in the PDF is
allocated very little intensity AH and thus it would be expected that the model would find it
difficult to obtain sensible UC parameter values, as seen for the high temperature measurements.

Results from IW data The scale factor for the IW PDF models show three crossovers
between 175–200 K, 225–250 K and 700–800 K. Phase 2 is allocated very little intensity in
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the temperature range 275–350 K. In the AH model, phase 2 is allocated correspondingly little
intensity, see fig. 5.34a. If the PDF results are compared to the PXRD results it is seen that the
two phases are interchanged in intensity and UC parameter values below 250 K.

The PXRD scale factor shows a crossover at 150–175 K and at 700 K. The PXRD results
either inverted the phases in the AH model, or a thorough annealing process has locked the two
phases at the intensity found at 1000 K, see fig. 5.33.

It should be noted that the scale factor value changes greatly between the LT– and HT
set-up for PXRD, most prominent for phase 2 in the HR refinements and phase 1 in the IW
refinements, but not noteworthy between the two set-ups for either phase in the PDF refinements.
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Figure 5.33: Scale factor extracted
from PXRD for sample IW.

The UC parameters "a" and "c" from PDF refinements are
inverted in value below 250 K compared to the PXRD results.
UC parameter "a" show a trend very like the one described
by PXRD in the low– and high temperature regime. For UC
parameter "a", a crossover in which phase holds the largest
value is seen between 600–700 K, see fig. 5.34b. The c-axis
shows a similar crossover between 500–600 K. At temperatures
at and above 600 K, the c-axis trend from PDF is very similar
to the PXRD c-axis trend, see fig. 5.34c.

In the region 275–350 K, the a-axis value and the c-axis
value for phase 2 are very sporadic and do not follow a clear trend. The explanation for this is
found in the minuscule intensity allocated phase 2 in this region, which makes it difficult for the
model to refine UC parameters properly.

The PDF AH UC parameter values for phase 1 coincides with what is found before heating in
similar ways as the PXRD AH results. The AH UC parameter values for phase 2 are expected
to be less exact, as phase 2 is allocated little intensity AH.
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Figure 5.34: Extracted results from PDF refinements, (a) Scale factor, (b) UC parameter a and (c) UC parameter
c for sample IW.

Debye temperature calculated from PDF models The Debye temperatures for both
samples were calculated based on the Uiso values from the PDF analysis using the same script
employed for the PXRD values, see fig. 5.35.

The calculations yield a Debye temperature for sample HR of 271(6) K with a d2 value of
0.0014(6) Å2. This temperature is roughly 20 K lower than the temperature found through the
PXRD refinements.

For sample IW, the Debye temperature was calculated to 262(9) K with a d2 value of 0.002(1)
Å2. This is very far from the Debye temperature calculated from PXRD refinements (331(11)
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K).
The question of which results are the most trustworthy must then be put forward. The Debye

temperatures from the PDF refinements are 30 K and 40 K lower than the value reported in the
literature. The IW PXRD Debye temperature is 30 K larger than what the literature proposed.
The HR PXRD Debye temperature is as the only one comparable to the literature.
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Figure 5.35: Average calculated Uiso values for sample
HR and sample IW in the temperature range 100–1000
K. The lines are for the purpose of guiding the eye.

However, with just one reported Debye
temperature (from 1982), the basis of compar-
ison is weak. Likely, the sample Yashima et
al. analysed in 1982 had a different compo-
sition than the two samples presented in this
work, and so the Debye temperatures might
not be comparable at all. As the presented
compositions of sample HR and IW is only
based on refinement calculates and theoretical
calculations, and thus not supported by other
experimental observations, blindly comparing
the results to the literature would be improper.

The PDF Uiso values differ from a linear
description at high temperatures, making the
results questionable similar to the PXRD re-
sults. As the Debye temperatures presented in this work points in very different directions a
final conclusion is still missing.

Strain in the PDF and the PXRD models When modelling PDF data, a Lorentzian pa-
rameter, Qbroad,L, is used to refine the peak broadening with a real space coordinate dependency.
Qbroad,L corresponds directly to the X-parameter in the PXRD refinements, see eq. (3.9), as both
are Lorentzian and describe peak broadening as a function of space-coordinate. Furthermore,
both parameters describe the micro-strain in the unit cells. Micro-strain can arise if samples are
heated very quickly or cooled by quenching during production. Strain can also be induced in the
sample when grinding from ingot to powder. The micro-strain can be released upon annealing.

The Lorentzian Qbroad,L parameter for the refined data from sample HR and IW shows very
characteristic trends for both samples, see fig. 5.36. These results are an archetypical example
of micro-stain release during an annealing process.

The HR Qbroad,L data exhibits a roughly linear tendency at temperatures below 600 K. A
significant decrease is seen when temperatures are elevated above 600 K. The AH refinement
shows a very decreased Qbroad,L value similar to the value found at 1000 K.

These results points in the direction of an annealing process occurring in the sample, as
PXRD data also suggest, despite previous heating. Since the PDF results have clear signs of an
annealing process in the HR sample, it can with more certainty be suggested that the measure-
ments at the now-retired IP detector either did not reach temperatures where annealing could
take place, or did not stay at elevated temperatures long enough for annealing to occur.
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Figure 5.36: Calculated Qbroad,L values for sample HR
and sample IW in the temperature range 100–1000 K.

Qbroad,L from the IW data shows both sim-
ilarities and differences compared to the HR
results. The Qbroad,L has the highest values
in the 450–600 K range. Above 600 K the
Qbroad,L value sharply decreases as it is ex-
pected from a sample that undergoes anneal-
ing. The AH measurement of sample IW dis-
plays a much reduced Qbroad,L value, close to
the value found at 1000 K, a textbook example
of strain release as a result of a heat-treatment.
The AH Qbroad,L value of sample IW is signif-
icantly larger than the AH Qbroad,L value from
sample HR.

Interestingly a strain release also seems to
occur as sample IW is cooled below RT. At 100 K, the Qbroad,L value has decreased to values
comparable to 900–1000 K. The LT strain release is reversible as the Qbroad,L value returns to
the same value at RT.

A possible explanation for the LT behaviour of Qbroad,L in the IW data could be that a
separation into two phases with different unit cells releases stress in the sample as one, or both,
phases relaxes more in new configurations. It should be noted that Qbroad,L was defined to de-
scribe the peak shapes of both phases simultaneously.

Extracting the X-parameter from the PXRD refinements presents the opportunity to obtain
strain information for each phase instead of the combined results from PDF refinements produces.

The X-parameter from the HR data shows a mostly linear trend in both phases. The trend is
broken at and below 175 K, where a sharp increase in strain occurs simultaneously in both phases,
with the most drastic increase in phase 2, see fig. 5.37a. The sudden change in X-parameter
coincides roughly with the change in UC parameter value from the PXRD refinements. The
increase is not happening at the same temperatures as the change in UC parameter ’c’ as this
parameter changes value at different temperatures for phase 1 and phase 2.

The decrease of strain in the AH 350 K measurement, mainly for phase 2, is comparable to
the decrease found at 1000 K. This is similar to what PDF refinements show, though the decrease
looks more drastic for Qbroad,L of sample HR.

The X-parameter from the IW data shows a very different trend compared to the HR data.
Phase 1 of IW shows a nearly linear tendency above 250 K. In the AH 350 K measurement,
this phase has not changed much in strain. Below 250 K the strain increases continuously until
a plateau is reached at 150 K, at which the X-parameter has doubled in value compared to the
RT measurements. The increase in X-parameter for phase 1 below 250 K is strangely similar to
the increase in UC parameter c for phase 1 below 250 K.

Phase 2 shows a plateau of values in the range 250–350 K with a slight increase 300–350 K.
From 350–1000 K the X-parameters decreases continuously and, above 800 K, phase 2 shows less
strain than phase 1. The AH 350 K measurement has a greatly decreased X-parameter value of
phase 2 compared to data before heating. The AH value is comparable to the value found at
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1000 K suggesting that phase 2 experiences a great strain-release with heating, see fig. 5.37b.
From this, it can be deduced that phase 2 is probably affected most by the annealing process.

The decrease in X-parameter when the temperature is elevated corresponds to the decrease in
Qbroad,L from the PDF refinements, though that decrease begins between 500–600 K and not
between 350–400 K as the PXRD refinements show.
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Figure 5.37: X-parameter from PXRD refinements for (a) sample HR and
(b) sample IW.

A sudden decrease in X-
parameter value occurs for
phase 2 between 225–250 K. A
continuous increase is seen as
the temperatures are lowered
further. It would be expected to
have this sudden decrease some-
what reflected in the PDF re-
sults, since the HT results for
the X-parameter coincides very
well with what is seen in PDF. However, the LT results from the two methods do not show any
similarities between them.

Like for the HR data, the sudden change in X-parameter for phase 2 corresponds perfectly to
the sudden change in c-axis for phase 2 found in the PXRD refinements. Both changes happen
suddenly between 250–225 K. It could be that the change in c-axis value results in a massive
strain release. But the explanation might also be found elsewhere.

This discrepancy at low temperatures between PXRD and PDF results raises the question if it
is truly is possible to draw parallels directly between the two methods. If not, then we must
question why the results seem comparable at elevated temperatures.

As a (possible) coincidental correlation between a sudden change in X-parameter value and a
sudden change in UC parameter value might exist the correlation matrix for the refinements
with separate X-parameters was consulted. This matrix shows that the scale factor of phase 1
was (in most cases) 54% correlated to the X-parameter of phase 1. The same correlation exists
between the scale factor of phase 2 and the X-parameter of phase 2. Thus the IW data have
been refined with one X-parameter locked to equal values for both phases to investigate if this
made a difference to the refinements and mainly to the X-parameter– and UC parameter values.

The resulting UC parameter values are found in chapter N and can shortly be described as
expressing the same trends as seen in UC parameters refined with two separate X-parameters.
The results are close to the same for phase 1 across refinements. Phase 2 shows the same sudden
decrease in c-axis value between 225–250 K regardless of shared or separate X-parameter, but
with slightly more extreme values in the case of a shared X-parameter.

The a-axis value shows an irregularity in the phase 2 value between 300–400 K for the refine-
ments with a shared X-parameter.

The values of the shared X-parameter of phase 1 and phase 2 show a trend similar to what is
found through the PDF refinements, but with some traces of what the PXRD refinements with
separate X-parameters show. This is mainly seen as the plateauing of values at and below 175



5.9. PDF ANALYSIS AND COMPARISON WITH PXRD ANALYSIS 67

K as well as a slightly higher degree of inconsistency in values between 300–500 K, see fig. 5.38.
Furthermore, the decrease in strain does not appear until the 800 K measurement, following this
model, which is not consistent with either the separate X-parameter model or the PDF model.

Between 175–250 K, the X-parameter value decreases noticeably in the combined model. The
decrease is not as sudden and severe as with separate X-parameters, but it is still significant, and
somewhat centred around the changing temperature of the c-axis of phase 2. A great decrease
in the AH X-parameter value is also found in the combined model.
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Figure 5.38: Combined X-parameter
for phase 1 and phase 2 from PXRD
refinements for sample IW.

All in all, it can be concluded that the sudden change in c-
axis value for phase 2 is not correlated to the sudden change
in X-parameter value. However, one might still affect the other
as the sample is cooled. As the trend across models is largely
the same and the agreement factors only worsen by sharing
the X-parameter, models with separate X-parameters are still
considered trustworthy.

5.9.1 Concluding remarks on PDF

Final remarks to the PDF analysis must include that no new
discoveries about the local structure in the samples were made. The PDF analysis was greatly
dependent on the results from the PXRD refinements to realise that the data should be modelled
with two phases. The results from the PDF analysis show less easily defined trends, and in some
temperature ranges, the results should not be trusted blindly. If PDF was the only analysis tool
used on these data, the probability of discovering results comparable to what is found through
PXRD would be very small.

Put sharply: it does not make much sense to analyse the HR and IW data with PDF, as not
new discoveries were made and the PDF method would not be able to stand alone with these
data sets. Possibly a PDF analysis or analysis of the diffuse scattering would be different if a
single crystal was investigated, but for powder data it offers no significant insights.





Section

6
Conclusion

This work presents the synthesis of five CeSix compounds with different stoichiometry. The
synthesis was performed with arc melting by the undersigned, based on the synthesis of a CeSix
compound, HR, by Hazel Reardon. PXRD data were collected on an in-house Rigaku instrument
for the samples IW3%–IW7% and the data was analysed with Rietveld refinement. Though there
is a straightforward expected symmetry for sample IW3%–IW7% the identified phases vary greatly
with the composition, despite the theoretical composition only varying slightly. It was concluded
that sample IW5% resembled sample HR well enough to be investigated further at SPring-8
with multi-temperature diffraction experiments.

Sample IW and HR were measured at beamline BL44B2 at SPring-8 in the temperature
range 100–1000 K using the new MYTHEN OHGI detector set-up. Through Rietveld refinement,
it was concluded that the data from HR and IW did not justify and orthorhombic symmetry.
The Si content was calculated from Rietveld refinements at RT for HR to x=1.97–1.98 and for
IW to x=1.89–1.90.

A comparison between the now-retired IP detector at BL44B2 and the MYTHEN OHGI
detector set-up concludes that the difference between the two detectors is most pronounced at
high scattering angle and low temperature. The MYTHEN OHGI detector set-up shows an
improved data-quality, can collect and distinguish diffraction peaks at a higher scattering angle,
and collects TS data.

Peak separation at low temperatures is observed in HR and IW data. The IW and HR data
show different peak separation at 100 K. A two-phase model with double I41/amd symmetry
improves the visual representation of data, and the agreement factors, for HR and IW. These
improvements of the RF -values, in conjunction with the clear visual improvement in peak shape
description, show the presence of two distinct tetragonal phases. The description of HRIP data
is also improved by a two-phase model.

A sudden decrease in c-axis value of phase 2 is observed in HR data at 125–150 K and in IW
data at 225–250 K. An annealing and incorporation of impurities into the main lattice in seen in
the IW data beginning at 600 K and extending to 1000 K where the process is completed and
the peak positions are shifted permanently.

The d-spacing resolution for previously reported data on CeSix systems is about twice the reso-
lution of the data collected in this thesis.

Debye temperatures are calculated numerically for sample HR to 292(8) K and for sample IW
to 331(11) K. The Uiso values differs greatly from the expected linear tendency at high temper-
atures making the resulting Debye temperatures questionable.
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PDF analysis was performed on the HR and IW data by Jonas Beyer. The results support
what is found through Rietveld refinements with small variations, mainly inversion of the phases
or sporadic UC parameter values. The Debye temperature was calculated based on PDF Uiso
values to 271(6) K for sample HR and 262(9) K for sample IW. Likewise, the PDF Uiso values
differ from a linear description at high temperatures making the results as questionable as the
PXRD results.

The Lorentzian Qbroad,L parameter for the HR and IW data show an archetypical example of
micro-stain release during an annealing process. A strain release also occurs as sample IW is
cooled below RT. However, the LT strain release is reversible. The X-parameter from PXRD
refinements shows that the micro-strain mainly decreases for phase 2 upon heating. The sudden
change in c-axis value for phase 2 in sample IW is not correlated to the sudden change in
X-parameter value.

PDF analysis yielded no new discoveries about the local structure of the samples. If PDF
was the only analysis tool used on the data presented in this thesis, the probability of discovering
results comparable to what is found through PXRD would be very small.
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Outlook

It is widely known that the exact composition of the CeSix compound greatly affects the prop-
erties. Therefore, it has been vigorously attempted to determine the composition of sample HR
and sample IW by different measures. Both XRF, EDX and ICP have been attempted, each
with different challenges to overcome, each with different reasons for the unsuccessful results. In
the end, only the compositions calculated from the starting elements and the refined occupancies
from PXRD are left. New attempts to determine the exact composition of sample HR and IW
would be a logical next step to investigate if the composition calculated through the Rietveld
refinements can be supported by other results.

It would be interesting to investigate sample HR and IW with low-temperature DSC, to see if the
sudden change in the value of UC parameter "c" can be detected experimentally as the samples
are cooled. Until this point, the in-house low-temperature DSC instrument has been out of order.

A single crystal with I41/amd symmetry and x≈1.90 would possibly be able to shed some light
on the diffuse scattering observed in the IW data. Madar et al. observed a ring of scattering
in the single crystal they investigated in 1990 but ascribed it to oxide formation[20]. With the
machinery available today interesting results might come from an investigation of the diffuse
scattering in a CeSix single crystal.

Finally, a new series of cooling measurements performed on sample IW might produce intrigu-
ing results. These measurements would show if, and how, the annealing has altered the peak
separation in the sample. Furthermore, if the measurements were performed with narrow tem-
perature steps it might be possible to pin down a more exact temperature for the sudden drop in
c-axis value or to observe if the decrease happens gradually but over a very narrow temperature
span. Finally, the strain parameters in the new IW data would probably behave much different
compared to the data presented in this thesis.

71





Section

Bibliography

[1] H Yashima, T Satoh, H Mori, D Watanabe, T Ohtsuka, Solid State Communications 1982,
41, 4–7.

[2] Y. Murashita, J. Sakurai, T. Satoh, Solid State Communications 1991, 77, 789–792.

[3] T. Satoh, Y. Asada, Journal of the Physical Society of Japan 1969, 27, 1463–1469.

[4] H. Yashima, T. Satoh, Solid State Communications 1982, 41, 723–727.

[5] W. H. Lee, R. N. Shelton, S. K. Dhar, J. K. A. Gschneidner, Physical Review B 1987, 35,
8523–8527.

[6] E. Houssay, A. Rouault, O. Thomas, R. Madar, J. Senateur, Applied Surface Science 1989,
38, 156–161.

[7] H. M. Murphy, K. U. Neumann, D. Visser, K. R. Ziebeck, Journal of Magnetism and
Magnetic Materials 1992, 104-107, 657–658.

[8] M. V. Bulanova, P. N. Zheltov, K. A. Meleshevich, P. A. Saltykov, G Effenberg, Journal
of Alloys and Compounds 2002, 345, 110–115.

[9] D. Souptel, G. Behr, W. Löser, A Teresiak, S Drotziger, C Pfleiderer, Journal of Crystal
Growth 2004, 269, 606–616.

[10] N. Sato, M. Sera, K. Torizuka, M. Kohgi, A. Sawada, T. Satoh, Japanese Journal of Applied
Physics 1987, 26.

[11] J. Pierre, O. Laborde, E. Houssay, A. Rouault, J. P. Senateur, R. Madar, Journal of
Physics: Condensed Matter 1990, 2, 431–441.

[12] M. Jurisch, G. Behr, Acta Physica Academiae Scientiarum Hungaricae 1979, 47, 201–207.

[13] G. Behr, K. Bartsch, M. Jurisch, M. Schönherr, E. Wolf, Crystal Research and Technology
1985, 20, K93–K95.

[14] S. K. Dhar, J. K. A. Gschneidner, W. H. Lee, P. Klavins, R. N. Shelton, Physical Review
B 1987, 36, 341–351.

[15] Edmund Bühler GmbH, https://www.edmund-buehler.de/en/materials-science/arc-melting/
mam-1-glovebox-version/.

[16] H. M. Murphy, K. U. Neumanna, D. Visser, K. R. A. Ziebeck, Physica B 192 1992, 181,
601–602.

[17] P. Hill, F. Willis, N. Ali, Journal of Physics: Condensed Matter 1992, 4, 5015–5023.

[18] N. Sato, H. Mori, H. Yashima, T. Satoh, H. Takei, Solid State Communications 1984, 51,
139–142.

73



74 BIBLIOGRAPHY

[19] O. Thomas, J. P. Senateur, R. Madar, O. Laborde, E. Rosencher, Solid State Communica-
tions 1985, 55, 629–632.

[20] R. Madar, E. Houssay, A. Rouault, J. P. Senateur, B. Lambert, C. M. D’Anterroches, J.
Pierre, O. Laborde, J. L. Soubeyroux, J. Pelissier, Journal of Materials Research 1990, 5,
2126–2132.

[21] G. A. Alanko, B. Jaques, A. Bateman, D. P. Butt, Journal of Alloys and Compounds 2014,
616, 306–311.

[22] N. Sato, H. Mori, T. Satoh, T. Miura, H. Takei, Journal of the Physical Society of Japan
1988, 57, 1384–1394.

[23] H. Yashima, H. Mori, T. Satoh, K. Kohn, Solid State Communications 1982, 43, 193–197.

[24] H. Yashima, C. F. Lin, T. Satoh, H. Hiroyoshi, K. Kohn, Solid State Communications
1986, 57, 793–796.

[25] J. S. Smith, J. A. Zan, C. L. Lin, J. Li, Journal of Applied Physics 2005, 97, 73–75.

[26] J. Kondo, Progress of Theoretical Physics 1964, 32, 37–49.

[27] M. A. Ruderman, C. Kittel, Physical Review 1954, 96, 99–102.

[28] T. Kasuya, Progress of Theoretical Physics 1956, 16, 45–57.

[29] K. Yosida, Physical Review 1957, 106, 893–898.

[30] O. Laborde, J. Pierre, E. Houssay, A. Rouault, J. P. Sénateur, R. Madar, Journal of Low
Temperature Physics 1990, 81, 171–178.

[31] J. Gschneidner, K. A., W. H. Lee, M. A. Damento, J. Tang, B. A. Cook, J. Shinar, B.
Dehner, R. N. Shelton, Physical Review B 1989, 39.

[32] A. V. Morozkin, V. A. Stupnikov, V. N. Nikiforov, N. Imaoka, I. Morimoto, Journal of
Alloys and Compounds 2006, 415, 12–15.

[33] W. H. Dijkman, PhD thesis, 1982, pp. 124–150.

[34] Institut Laue-Langevin, https://www.ill.eu/users/instruments/instruments-list/d2b/how-
it-works/simulated-experiment/.

[35] M. Kohgi, M. Ito, T. Satoh, H. Asano, T. Ishigaki, F. Izumi, Journal of Magnetism and
Magnetic Materials 1990, 90-91, 433–434.

[36] W. H. Bragg, W. L. Bragg, Royal Society of London 1913, 88, 428–438.

[37] C. Giacovazzo, H. L. Monaco, G. Artioli, D. Viterbo, M. Milanesio, G. Gilli, P. Gilli, G.
Zanotti, G. Ferraris, M. Catti, Fundamentals of Crystallography, 2013.

[38] A. R. West, Solid State Chemistry and its Applications, Second edi, WILEY, 2014.

[39] J. Als-Nielsen, D. McMorrow, Elements of Modern X-ray Physics: Second Edition, 2011.

[40] K. Cowtan, Encyclopedia of Life Sciences 2003, 1–5.

[41] H. M. Rietveld, Journal of Applied Crystallography 1969, 2, 65–71.

[42] J. Rodríguez-Carvajal, An Introduction to the Programme Fullprof 2000, 2002, pp. 1–139.

[43] P. Scherrer,Nachrichten von der Gesellschaft der Wissenschaften zu Göttingen Mathematisch-
Physikalische Klasse 1918, 98–100.



BIBLIOGRAPHY 75

[44] T Egami, S. Billinge, Underneath the Bragg Peaks, 2003.

[45] B. H. Toby, Powder Diffraction 2006, 21, 67–70.

[46] R. A. Young in The Rietveld method, 1993, pp. 1–36.

[47] J. R. Sandemann, Examining the Structure and Stability of the Type I Clathrate Ba_8-x
Ce_x Au_y Si_46-y by Multi-Temperature Synchrotron PXRD and Rietveld Refinement,
tech. rep., 2018.

[48] S. Kawaguchi, K. Sugimoto, H. Yamada, http://www.spring8.or.jp/wkg/BL02B2/instrument
/lang-en/INS-0000000318/instrument_summary_view.

[49] H. Reardon, L. R. Jørgensen, J. R. Sandemann, Logbook for SPring-8 in 2017, 2017.

[50] DECTRIS, https://www.dectris.com/products/mythen2/mythen2-x-for-synchrotron/mythen2-
x-1d/, 2019.

[51] K. Kato, http://www.spring8.or.jp/wkg/BL44B2/instrument /lang-en/INS-0000000381 /in-
strument_summary_view.

[52] I. Nielsen, M. Roelsgaard, J. Sandemann, L. Rabøl, J. Beyer, Logbook for BL44B2 at
SPring-8 in 2018, 2018.

[53] R. B. V. Dreele, M. R. Suchomel, B. H. Toby, https://11bm.xray.aps.anl.gov/absorb/absorb.php,
2013.

[54] P. Hofmann, Solid State Physics - An Introduction, Second, WILEY-VCH, 2016.

[55] J. Garai, Physics behind the Debye temperature, tech. rep., 2007, pp. 1–8.

[56] J.-l. Mi, M. Christensen, E. Nishibori, B. B. Iversen, Physical Review 2011, 84, 1–12.

[57] K. F. Fischer, L. R. Jørgensen, H. Reardon, J. Zhang, B. B. Iversen, Physical Chemistry
Chemical Physics 2018, 20, 9930–9937.



Section

A
Appendix

(a) From paper by Murphy et al.: Sketch of free
energy as a function of hole concentration[16].

(b) From paper by Murashita et al.:
Sketch of free energy for atoms along the
c-axis (d)at room temperature and (c)at
low temperature[2].
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Figure B.1: Diffraction patterns from sample IW3%- IW7% measured on the in-house Rigaku diffractometer R2D2
compared to diffraction pattern fron sample HR with a modified wavelength.
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Figure B.2: Diffraction patterns from sample IW3%- IW7% measured on the in-house Rigaku diffractometer R2D2
compared to diffraction pattern fron sample HR with a modified wavelength
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Figure C.1: Refinement of data from sample three with a single orthorhombic unit cell.
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Figure C.2: Data from sample IW3% described by a combination of an orthorhombic– and a tetragonal unit cell.
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Figure C.3: Data from sample IW3% described by a combination of two orthorhombic unit cells.
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Figure C.4: Data from sample IW3% described by a combination of two orthorhombic– and a tetragonal unit cell.
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(a) Refinement of data from sample IW4% with
a single orthorhombic unit cell.
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(b) Refinement of data from sample IW4% with
an orthorhombic– and a tetragonal unit cell.

Figure D.1: Refinement of data from sample IW4% with different combinations of unit cells.
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(a) Refinement of data from sample IW4% with
a single orthorhombic unit cell.
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(b) Refinement of data from sample IW4% with
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Figure D.2: Refinement of data from sample IW4% with different combinations of unit cells.
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(c) Data from IW6% described by two tetragonal
phases.

Figure E.1: Diffraction pattern from sample IW6% refined using different combinations of tetragonal– and or-
thorhombic unit cells.
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(a) Data from sample IW7% described by an or-
thorhombic unit cell.
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(b) Data from sample IW7% described by an or-
thorhombic unit cell.

Figure F.1: Diffraction pattern from sample IW7% refined using an orthorhombic unit cells.
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Table G.1: Temperature calibration

Set temperature (K) Measured temperature
at thermocouple (K)

100 116.15
150 160.15
200 207.15
250 249.15
(RT) 296 296.15
300 299.15
350 347.15
400 393.15
450 437.15
500 481.15
550 526.15
600 580.15
650 637.15
700 688.15
750 736.15
800 787.15
850 837.15
900 885.15
950 929.15
1000 973.15

Table G.2: Guess of unmeasured intermediate temperatures

Intermediate set temperature (K) Guess of measured temperature
at thermocouple (K)

125 137.596
175 183.766
225 229.936
275 276.106
325 322.276
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Figure G.1: Plot of measured temperatures at beam line BL44B2 with
a function describing the LT area with a linear dependency.
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Figure H.1: Comparison of a model using (a) an orthorhombic unit cell and (b) a tetragonal unit cell.

Table H.1: Tabel of refined unit cell parameters when using the orthorhombic– and the tetragonal symmetry to
describe HR data at 500 K.

a (Å) b (Å) c (Å) RF (%) RBragg (%)
Orthorhombic 4.20324(4) 4.20819(4) 13.91399(8) 3.37 8.89
Tetragonal 4.20582(2) — 13.91410(8) 2.21 3.82
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Figure I.2: Close-up of the most intense peak in the data sets measured in sample HR at IP– and Mythen
detectors at different temperatures.
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Figure J.2: Data from sample HR before and after heating.
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Figure J.3: Close-up of the (004) reflection at 7.4° in data measured at 1000 K on sample HR refined with one
phase (a) and two phases (b).
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Figure K.1: IW data plot at higher angle. Shows further peak separation.
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Figure K.2: Refinements of 100 K data from sample IW using one– and two unit cells.
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(a) Average Uiso for cerium and silicon atoms in
sample HRIP with Debye fit made from MatLab
script.
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(b) Average Uiso for cerium and silicon atoms in
sample HR with Debye fit made from MatLab
script.
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(c) Average Uiso for cerium and silicon atoms in
sample IW with Debye fit made from MatLab
script.
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Fhkl =

N∑
j=1

fj · exp

(
2πiHXj −

8π2Uj
16π2

q2
)
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Figure M.1: Normalised PXRD data at (a) 100 K, (b) 200 K, (c) 300 K and (d) 400 K for (light) sample HR and
(dark) sample IW.

X25





Section

N
Appendix

0 200 400 600 800 1000

4.16

4.18

4.20

4.22

4.24

4.26

Temperature (K)

 a, unit cell 1
 a, unit cell 2
 AH a1
 AH a2

La
tti

ce
 p

ar
am

et
er

, a
 (Å

)

a, IW, UC parameter a

0 200 400 600 800 1000
13.80

13.85

13.90

13.95

14.00

14.05

14.10

 c, unit cell 1
 c, unit cell 2
 AH c1
 AH c2

La
tti

ce
 p

ar
am

et
er

, c
 (Å

)

Temperature (K)

b, IW, UC parameter c

Figure N.1: UC parameter values from IW data refined with one X-parameter common for both phases.
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