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Abstract

In this thesis, I present results of evolution of electronic and crystal structures of non-centrosymmetric

EuT Ges (T = Co, Rh and Ir) under hydrostatic pressure.

Keywords: High-pressure, Strongly correlated electron system, Eu valence, Intermediate va-

lence, Non-centrosymmetric crystal structure.

Since the discovery of the first heavy-fermion superconductor CeCu;,Sip, more than 30 sys-
tems have been discovered that exhibit unconventional f-electron superconductivity. Most of
them belong to Ce and U compounds, and their phase diagrams are often discussed by using
the Doniach model. The ground state is characterized by the competition between the Kondo
effect and the Ruderman Kittel-Kasuya-Yosida (RKKY) interaction, which originates from the
interaction of localized f-electrons with conduction electrons. The Kondo effect screens the
magnetic moments, while the RKKY interactions stabilize the magnetic ordering. Supercon-
ductivity tends to appear near the magnetic quantum critical point (QCP). Recently, pressure
induced heavy-fermion superconductors have been discovered among Ce7 X3 (T = Co, Rh, Ir;
X = Si, Ge) with the BaNiSn3-type (/4mm) structure which does not possess inversion sym-
metry. They have attracted much attention due to the possible coexistence of spin-singlet and
-triplet Cooper channels initiated by antisymmetric spin-orbit interaction as well as strong cor-
relations.

A series of Eu compounds Eu7 X3 were also discovered with the BaNiSn3-type structure.
Although the emergence of pressure-induced superconductivity has not been reported, their
complex magnetic structures are of great interest to the scientific community. Germanide series
EuT Ges exhibits antiferromagnetic ordering below ~ 16 K, and the ordering direction of mo-
ments varies depending on the transition metal constituent. In EuRhGes the AFM order sets in
at Ty = 11.3 K and the Eu moments are confined in the ab plane, while they are aligned along
the c-axis in EuCoGej3, and EulrGes that order at Ty = 15.4, and 12.3 K, respectively. Below

T, successive magnetic phase transitions were observed at Tyy = 13.4 K in EuCoGes, and Tyy



=7.5 K and Tn+ = 5.0 K in EulrGes. A smaller number of compounds have been reported in
silisides compared to germanides. Among them, antiferromagnetic EuRhSi3 was recently dis-
covered to exhibit an atypical pressure behavior that cannot be explained by the conventional
phase diagram of Eu compounds.

In Eu-compounds, Eu ions tend to be Eu>* (4f7, J=7/2) and form an antiferromagnetic
ground state. However, the energy difference between the magnetic Eu>* and the non-magnetic
Eu’t (419, J= 0) states is not very large and can be adjusted by external pressure or chemical
substitution. Among Eu-compounds, the most insensitively studied series is Eu7;X; (T: tran-
sition metal, X = group 14/15 in the periodic table) with the ThCr,Si>-type (14 /mmm) struc-
ture. In general, their pressure-temperature phase diagram exhibits a first-order phase transition
accompanied by Eu valence transition and collapse of the antiferromagnetic ordering. Further-
more, a correlation between the Eu valence and the unit cell volume tends to appear as a lattice
volume collapse simultaneously with the Eu valence transition since the size of the Eu>T ion is
about 10% smaller than the Eu>™ ion.

Although the BaNiSnj3-type structure is a close relative to the ThCr;Si;-type structure, the
pressure-temperature phase diagram of the Eu7'X3 series and the relation between Eu valence
and unit cell volume have not been studied well. A few earlier studies reported a stable an-
tiferromagnetic ground state in Eu7X3 even under high pressure of ~ 10 GPa, unlike the
Eu-compounds with the ThCr;Si;-type structure (Eul22 systems) that usually show the phase
transitions in a few GPa range. Moreover, as mentioned earlier, EuRhSi3 exhibits an atypical
pressure behavior in that Ty takes a maximum at 5-7 GPa and smoothly decreases with an
increase of pressure in a manner compatible with the Doniach-type phase diagram. These re-
sults suggest a clear distinction of Eu7T X3 characters from the Eul22-systems. Therefore, the
pressure-dependent structural change in the Eu7'Ges series and its relation to the Eu valence
evolutions are studied in this thesis by using multiple experimental techniques. The valence
state of Eu provides complementary information for understanding the magnetic properties and
phase diagram of these compounds under pressure.

The thesis presents the study of the evolution of electronic and crystal structures in non-
centrosymmetric EuTGes (T = Co, Rh & Ir) under hydrostatic pressure. The investigation
involved pressure dependent high energy resolved fluorescence detected (HERFD) X-ray ab-
sorption spectroscopy (XAS) experiments conducted on Eu7 Ges. No pressure-induced transi-
tion in the Eu valence was observed in any of the three compounds. In the case of EuCoGes,
the obtained Eu valence changes from 2.2 to 2.3 in the pressure range from 2 to 50 GPa. The
XAS spectra recorded on Ge K and Co K edge as a function of pressure did not show sig-

nificant changes. This indicates that the pressure evolution of the mean Eu valence is due to



intra-atomic charge transfer from Eu 4 f to 5d, with no contribution from Ge and Co ions. The
pressure-dependent Eu Lz HERFD XAS of EuRhGes; shows a change of Eu valence from 2.1 to
2.4 around 40 GPa. Similarly, the pressure-dependent Eu L3 HERFD XAS spectra of EulrGes
showed the Eu valence change from 2.1 to 2.43 around 50 GPa. The Eu L3 transmission mode
XAS of EulrGes as a function of pressure were also recorded at 300 K and 4 K up to 50 GPa,
which shows a similar pressure evolution of Eu valence as HERFD XAS. The XAS spectra
recorded at the Ge K edge of EulrGes reveal a spectral intensity shift as pressure increases.
Specifically, the Ge K XAS spectra shift from an absorption peak at 11102 eV associated with
Ge ions at Wyckoff 4b to a peak at 11108 eV associated with Ge ions at Wyckoft 2a. The Ir
L3 absorption peak shifts to higher energy with an increase of pressure. These results suggest a
possible effect of inter-atomic charge transfer in the evolution of Eu valence in EulrGes.

At ambient pressure, all three compounds show the mean Eu valence close to ~ 2.1, the
maximum change of mean Eu valence with pressure was observed for EulrGes and minimum
change for EuCoGes.

To study the correlation between the pressure evolution of the electronic structure and crys-
tal structure, powder x-ray diffraction under pressure was performed on Eu7T Ges. No pressure
induced structure transition was observed in all three compounds up to 40 GPa. Anisotropic
compression between the a and the c lattice parameters was observed, where the a lattice pa-
rameter showed a larger change compared with the c lattice parameter. This pressure behaviour
is in contrast to that of centrosymmetric Eu-122 systems. In the Eu-122 systems, the c lattice
parameter is more compressed than the a lattice parameter under pressure. The pressure evo-
lution of axial ratio (c/a) shows linear increase with increasing pressure and exhibits a slope
change at certain pressure in all three compounds. No direct correlation between unit cell vol-
ume and Eu valence was found in the non-centrosymmetric Eu7'Gejy series, contrasting with the
behavior observed in the Eu-122 systems.

To investigate the potential pressure induced superconductivity, electric resistivity under
pressure was performed up to 15 GPa in EulrGes. The magnetic ordering temperatures show
monotonous increases as function of pressure, though no pressure induced superconductivity
was observed till 15 GPa. A pressure-temperature phase diagram of EulrGes up to 15 GPa is
proposed.



Sazetak

U disertaciji su predstavljeni rezultati evolucije elektronske i kristalne strukture necen-
trosimetricnih EuT Ges (T = Co, Rh i Ir) sustava pod hidrostatskim tlakom.

Kljucne rijeci: Visoki tlak, Jako korelirani elektronski sustavi, Eu valencija, Srednja valen-
cija, Necentrosimetri¢na kristalna struktura.

Od otkrica prvog teskofermionskog supravodica CeCu;Si;, otkriveno je vise od 30 sustava
koji pokazuju nekonvencionalnu f-elektronsku supravodljivost. Veéina njih pripada spojevima
Ce 1 U, a njihovi fazni dijagrami Cesto se diskutiraju u okviru Doniachovog modela. Osnovno
stanje karakterizirano je natjecanjem Kondo efekta i Ruderman-Kittel-Kasuya-Yosida (RKKY)
interakcije. Obje interakcije proizlaze iz interakcije lokaliziranih f-elektrona s metali¢nim elek-
tronima. Kondo efekt zasjenjuje magnetske momente, dok RKKY interakcija stabilizira mag-
netsko uredenje. Supravodljivost se obicno pojavljuje blizu magnetske kvantne kriti¢ne tocke
(QCP). Nedavno je otkrivena tlakom inducirana supravodljivost u teSkofermionskom sustavu
CeTX3 (T = Co, Rh, Ir; X = Si, Ge) s BaNiSn3-tipom (I4mm) strukture koja ne posjeduje
inverzijsku simetrije. Ovi sustavi su privukli veliku paznju zbog moguée koegzistencije spin-
singletnih 1 -tripletnih Cooperovih kanala iniciranih antisimetricnom spin-orbit interakcijom,
kao 1 jakim korelacijama.

Nedavno je otkriven i niz Eu spojeva Eu7 X3 s BaNiSns-tipom strukture. Iako kod njih nije
zabiljeZena pojava tlakom inducirane supravodljivosti, njihove sloZene magnetske strukture vrlo
su zanimljive znanstvenoj zajednici. Serija germanida Eu7 Ges pokazuje antiferromagnetsko
uredenje ispod ~ 16 K, a smjer uredenja momenata varira ovisno o prijelaznom metalu. U
EuRhGe3; AFM uredenje se uspostavlja na Ty = 11,3 K, a Eu momenti su orijentirani u ab
ravnini, dok su u EuCoGes i EulrGes orijentirani duz c-osi, s Ty = 15,4 K, odnosno 12,3 K.
Ispod TN, u EulrGes su zabiljezeni sukcesivni magnetski prijelazi na Ty = 7,5 K1 Ty« = 5,0
K, a u EuCoGe3 na Ty = 13,4 K. U usporedbi s germanidima, silicidi ¢ine manju skupinu
spojeva. Medu njima je nedavno otkriven antiferromagnetski EuRhSi3 s atipi¢nim ponaSanjem
pod tlakom, koje se ne moZe objasniti konvencionalnim faznim dijagramom Eu spojeva.

U Eu spojevima, Eu ioni teZe biti u 2+ stanju (4f’, J=7/2) i formirati antiferromagnetsko
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osnovno stanje. Medutim, energetska razlika izmedu magnetskog Eu?" i nemagnetskog Eu’*
(49, 1=0) stanja nije velika i podloZna je promjeni pod utjecajem vanjskog tlaka ili kemijske
supstitucije. Medu Eu spojevima, najintenzivnije proucavana serija je Eu7>X, (T': prijelazni
metal, X = element 14./15. grupe u periodnom sustavu) s ThCr; Si-tipom (14 /mmm) strukture.
Opcenito, njihov fazni dijagram u ovisnosti o tlaku i temperaturi pokazuje fazni prijelaz prvog
reda popraden promjenom Eu valencije i kolapsom antiferromagnetskog uredenja. Nadalje,
postoji korelacija izmedu Eu valencije i volumena jedini¢ne Celije u vidu kolapsa volumena
kristalne resetke istodobno s promjenom Eu valencije, jer je veli¢ina Eu>* iona oko 10% manja
od Eu”* iona.

Iako je BaNiSnj3-tip strukture vrlo blizak ThCr;Si,-tipu strukture, fazni dijagram u ovis-
nosti o tlaku 1 temperaturi Eu7'X3 serije 1 odnos izmedu Eu valencije i volumena jedini¢ne
¢elije nisu dobro prouceni. Nekoliko ranijih studija pokazalo je stabilno antiferromagnetsko
osnovno stanje u Eu7'X3 ¢ak i1 pod visokim hidrostatskim tlakom od ~ 10 GPa, za razliku od
Eu spojeva s ThCr;Siz-tipom strukture (Eul22 sustavi) koji obi¢no pokazuju fazne prijelaze
pod tlakom od nekoliko GPa. Stovise, kao §to je ranije spomenuto, EuRhSi3 pokazuje atip-
i¢no ponaSanje pod tlakom gdje Tn doseZe maksimum na 5-7 GPa i nakon toga se smanjuje s
povecanjem tlaka na na¢in kompatibilan s Doniachovim faznim dijagramom. Ovi rezultati sug-
eriraju jasnu distinkciju karaktera Eu7 X3 sustava od Eul22 sustava. Stoga su u ovoj disertaciji
proucavane tlakom uzrokovane promjene strukture Eu7'Ges serije i njihova korelacija s evolu-
cijom Eu valencije. U tu svrhu je koriSteno viSe eksperimentalnih tehnika. Eu valencija pruza
komplementarne informacije za razumijevanje magnetskih svojstava kao i faznog dijagrama
ovih spojeva pod tlakom.

Disertacija predstavlja studiju evolucije elektronske i kristalne strukture necentrosimetri¢nih
EuTGes (T = Co, Rh & Ir) sustava pod hidrostatskim tlakom. IstraZivanje obuhvaca eksper-
imente rendgenske apsorpcijske spektroskopije s visokom energetskom razlucivosti (HERFD
XAS) na EuT Ges sustavu pod visokim hidrostatskim tlakom. Nije uocen prijelaz Eu valencije
induciran tlakom ni u jednom od tri spoja. U slu¢aju EuCoGej3, dobivena Eu valencija se mi-
jenja s 2,2 na 2,3 u rasponu tlaka od 2 do 50 GPa. XAS spektri snimljeni na Ge K i Co K rubu
kao funkcija tlaka nisu pokazali znacajne promjene. To ukazuje da je promjena Eu valencije
pod tlakom rezultat intra-atomskog prijenosa naboja iz Eu 4f u 5d stanja, bez doprinosa Ge
1 Co iona. HERFD XAS spektri pod tlakom na Eu L3 rubu za EuRhGes pokazuju promjenu
valencije Eu s 2,1 na 2,4 oko 40 GPa. Sli¢cno, HERFD XAS spektri pod tlakom na Eu L3 rubu
za EulrGes pokazali su promjenu valencije Eu s 2,1 na 2,43 oko 50 GPa. XAS u transmisijskom
modu na Eu L3 rubu za EulrGes kao funkcija tlaka takoder su snimljeni na 300 K i 4 K do 50
GPa, Sto pokazuje slicnu evoluciju valencije Eu kao HERFD XAS. XAS spektri snimljeni na Ge

11
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K rubu kod EulrGes otkrivaju pomak spektralnog intenziteta s poveéanjem tlaka. Konkretno,
Ge K XAS spektri pokazuju pomak apsorpcijskog vrha sa 11102 eV, povezanog s Ge ionima na
Wyckoff 4b poziciji, na 11108 eV, povezanog s Ge ionima na Wyckoff 2a poziiji. Apsorpcijski
vrh na Ir L3 rubu pomice se prema viSoj energiji s povecanjem tlaka. Ovi rezultati sugeriraju
moguci u¢inak meduatomskog prijenosa naboja u evoluciji Eu valencije u EulrGes.

Pri atmosferskom tlaku, sva tri spoja pokazuju srednju Eu valenciju blizu 2,1, a najveca
promjena srednje Eu valencije s tlakom zabiljeZena je za EulrGes, dok je najmanja promjena
zabiljeZzena za EuCoGes.

Za proucavanje korelacije izmedu evolucije elektronske strukture i kristalne strukture pod
tlakom, provedeno je istraZivanje rendgenske difrakcije na prahu pod tlakom na Eu7'Ges. Nije
zabiljeZen strukturni prijelaz induciran tlakom ni u jednom od tri spoja do 40 GPa. Uocena
je anizotropna promjena a i ¢ parametara kristalne resetke, pri ¢emu je parametar a Kkristalne
reSetke pokazao veée promjene odnosu na parametar c. Ovo ponasanje pod tlakom suprotno
je onome kod centrosimetri¢nih Eu-122 sustava. U Eu-122 sustavima, parametar ¢ kristalne
reSetke je viSe komprimiran pod tlakom nego parametar a. Aksijalni omjer (c/a) pokazuje trend
linearnog povecanja s porastom tlaka te promjenu nagiba pri odredenom tlaku kod sva tri spoja.
Nije pronadena izravna korelacija izmedu volumena jedini¢ne Celije i Eu valencije u necen-
trosimetricnim Eu7'Ges sustavima, Sto je takoder u suprotnosti s ponasanjem zabiljeZenim u
Eu-122 sustavima.

Kako bi se istrazilo potencijalno postojanje supravodljivosti inducirano tlakom, izmjeren
je elektri¢ni otpor u EulrGes pod hidrostatskim tlakom do 15 GPa. Temperature magnetskog
uredenja pokazuju monoton porast u funkciji tlaka kod svih spojeva, iako supravodljivost in-
ducirana tlakom nije uocena do 15 GPa. PredloZen je fazni dijagram u ovisnosti o tlaku i

temperaturi za EulrGez do 15 GPa.

1l
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Chapter 1
Introduction

Strongly correlated electron systems are materials where the interactions between electrons are
so strong that conventional methods, like band theory, cannot accurately describe their proper-
ties. In these systems, electronic correlations are crucial in determining their behavior. Exam-
ples include high-temperature superconductors, Mott insulators, and heavy fermion materials.
These materials often exhibit intriguing phenomena such as unconventional superconductiv-
ity, metal-insulator transitions, valence fluctuation, and exotic magnetic ordering, making them
of great interest in both fundamental research and technological applications, such as high-T,
superconductors [1] and magnetic storage devices [2]. With advancements in high-pressure
techniques, there has been a significant increase in attention toward controlling and understand-
ing the behavior of strongly correlated electron systems under high pressure over the past few

decades.

1.1 4f electron system

The 4f electron system refers to a group of materials that contains lanthanide elements with
partially filled 4 f orbitals which plays crucial role in their properties. The highly localized 4 f
electrons lead to strong Coulomb interactions, and their ground state tends to obey Hund’s rules
due to relatively small crystalline electric field (CEF) [3]. The 4 f electron system shows a range
of interesting physical phenomena, such as unconventional f-electron superconductivity [4; 5],
and valence fluctuations [6]. It is generally believed that all these features largely originate in
the strongly correlated 4f electrons, and the materials containing such 4 f electrons manifest
Janus-faced behavior (localized or itinerant) depending on the surrounding environment. As an
example, the well-investigated o. — ¥ transition in Ce is considered a Mott transition, where the

4 f electron changes its behavior from being localized to becoming itinerant [7].
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Many new phenomena occurs when magnetic ions are placed inside a metallic host. How-
ever, magnetic states can only survive when local Coulomb interactions suppress charge fluctu-
ations, i.e., when valence electrons are localized. Fig 1.1 illustrates the Kmetko-Smith diagram,
organizing the d and f elements of the periodic table according to the localization of the va-
lence shell. This arrangement is particularly useful as it also correlates with the energy scaling
of crucial interactions in correlated materials: the Coulomb interaction, which increases with
increasing localization, the strength of the CEF, which decreases with increasing localization,
and the spin-orbit coupling (SOC), which strongly increases with the principal quantum num-
ber (n) and further with the atomic number (Z). The increasing localization from the bottom left
to the top right is accompanied by a crossover from itinerant electrons to localized magnetic

moments, and particularly interesting phenomena occur in this crossover regime.

increasing localization >

>

magnetic moments

increasing
localization

superconductivity

Figure 1.1: Kmetko-Smith diagram adapted from Ref.[8]. It shows a rearrangement of the d and f
elements of the periodic table to visualize the trend of increasing localization in these ions, i.e. 5d < 4d <
3d < 5f <4f. The main elements that are involved in the thesis discussion, Eu, Co, Rh and Ir, are marked

with boxes.

1.2 Kondo effect

The Kondo effect was first discovered as an anomalous temperature behavior of the electric
resistance in dirty Au wires [9], and later also observed in other metals with dilute magnetic
impurities [10]. The electric resistance of ordinary metals decreases with lowering temperature
and reaches to a constant residual resistance near 0 K. However, the electric resistance of these

dirty metals takes a minimum at a certain temperature and then increases at low temperatures.

2
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The behavior remained a puzzle until Jun Kondo described it based on the s — d exchange model.
The magnetic moment of the impurity behaves as a scattering center for conduction electrons.
When the scattering probability of the conduction electrons is calculated to the second Born
approximation, the intermediate states of the spin-flip scattering are affected by the Fermi sphere
and give o< JN(0)log(Dy/kgT) term in the electric resistivity. Here J denotes the magnitude of
antiferromagnetic exchange interaction between localized (impurity) and conduction electrons,
and N(0) and Dy represent the density of state at the Fermi energy (Ef) and the conduction
band width, respectively. Below the characteristic temperature, so-called Kondo temperature
(Tk), kgTx = Doexp(—1/JN(0)), perturbation theory breaks down and the resistivity diverges
for T — 0 K. Later, this problem was solved using self consistence method by Nagaoka [11]
and based on the singlet ground state for a localized spin using the s — d exchange model by
Yosida [12]. With a lowering temperature below Tk, the localized electrons (impurity) start to
couple antiferromagnetically with spin-polarized conduction electrons and screen the localized

moments. This bound state is called the Kondo singlet.

1.3 RKKY interaction

Although the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction also originates from the in-
teraction between localized (impurity) and conduction electrons as well the Kondo effect, it
works as opposite to the Kondo effect and stabilizes the magnetically ordered ground state. A
localized moment (impurity moment) induces spin polarizations among the conduction elec-
trons. Assuming the conduction electrons maintain mobility, they traverse the lattice with spin
density oscillating similarly to Friedel oscillations observed in the charge channel. In a dense
system, this spin density interacts with other impurities, thereby giving rise to the RKKY ex-
change interaction
20%8;S jcos(2kprij +¢)

Hgkky = 3 -

Here S; and S represent the localized spin states at i and j sites with r;; distance and ¢ phase
shift. The prefactor o and the Fermi wave vector (kp) depend greatly on the electronic structure
of the system. The two effects, the RKKY interaction favoring a magnetically ordered ground
state and the Kondo effect favoring a non-magnetic singlet state, compete with each other. This

is pictured by the so-called Doniach phase diagram [13].
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1.4 Doniach phase diagram

The interplay between the RKKY interaction and the Kondo effect is expected to be the driving
force for the emergence of many phenomena in strongly correlated 4 f electron systems. The
Doniach phase diagram (Fig.1.2) phenomenologically describes the competition between the
Kondo effect and the RKKY interaction as a function of the JN(0). JN(0) can be controlled by
applying a magnetic field, changing the chemical composition or external pressure. Doniach
argued that there are two scales in the Kondo lattice, the single-ion Kondo temperature Tx and
TrkKY, given by Tg = Doefm , Trkky = J2N(0). When IN(0) is small, then Trxky is the
largest scale and an antiferromagnetic state is formed, but, when the JN(0) is large, the Kondo

temperature is the largest scale so a dense Kondo lattice ground state becomes stable.

TA ' 1

magnetically Kondo
ordered screened
¢ >

QCP JD(Eg) or P

Figure 1.2: Doniach’s phenomenological phase diagram for the phase transition between an RKKY-
induced, magnetically ordered phase and the Kondo-screened, paramagnetic phase. The phase transition
occurs when the RKKY coupling K of a local moment to all surrounding moments becomes equal to the
Kondo singlet binding energy Tk (black circle). While the RKKY coupling is K ~ N(0)J2, the Kondo
energy Tx = Doexp[—1/(2N(0)Jp)] is exponentially small in the bare, local spin exchange coupling J.
Therefore, the RKKY coupling always dominates for small values of Jy. Adapted from Ref. [14].

When an external pressure (P) is applied on an antiferromagnetically ordered cerium-based
compound, the Néel temperature (7y) increases with increasing pressure, and starts to decrease
after threshold pressure. When higher pressure is applied, Ty starts to decrease slowly and then
reaches zero at a critical pressure (P.). Namely, a quantum critical point (QCP) is experimen-
tally defined as an electronic state where Ty — O for P — P.. In the potential quantum critical

region, the heavy fermion state is formed at high pressures, and unconventional superconduc-
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tivity, presumably caused by magnetic fluctuations, often appears at very low temperatures as
observed in Celns and CePd,Si, [15].

Recently, heavy-fermionic superconductors have been discovered among compounds whose
crystal structures do not possess inversion symmetry, (see Fig. 1.3). They have attracted much
attention due to the possible coexistence of spin-singlet and -triplet Cooper channels initiated
by antisymmetric spin-orbit interaction as well as strong correlations [16; 17]. Except for the
previously discovered first non-centrosymmetric superconductor CePt3Si [18], the supercon-
ductivity in non-centrosymmetric compounds tends to emerge under pressure as observed in
CeTX;3 (T = Co, Rh, Ir; X = Si, Ge) series [18; 19; 20; 21].

1.5 Valence fluctuation

Apart from pressure-induced superconductivity in 4 f electron systems, pressure-induced va-
lence fluctuation has gained a lot of attention for decades. The most studied examples of va-
lence fluctuations or instability of 4f shell with pressure are Ce [22], Sm [23] and Tm [24]
based monochalogenides.

Valence fluctuation is also defined as interconfiguration interaction, where the energy of
two states is nearly degenerate, and electrons fluctuate between these states. Valence fluctu-
ation is categorized into two parts: inhomogeneous and homogeneous valence fluctuation. In
inhomogeneous valence fluctuation, atoms with differing static valence reside on different crys-
tallographic sites, while in homogeneous valence fluctuation, the same non-integral valence
is found on each atomic site. Inhomogeneous valence fluctuation compounds are referred to
mixed valence compounds [25]; on the other hand, homogeneous valence fluctuation com-
pounds are termed intermediate valence compounds. Rare-earth (4 f electrons) are known to
have more than one valence state. Valence fluctuation often occurs in lanthanide compounds
in which the proximity of the 4f level to the Fermi energy leads to instabilities of the charge

configuration (valence) and/or of the magnetic moment.

1.6 Europium compounds

Most of the Eu-based compounds are, however, different from the other lanthanide compounds.
Namely, the lanthanide ions are usually trivalent, though a divalent (Eu®>*, 4f7) electronic state
is more favored than a trivalent (Eu’*, 4 °) one in the Eu-based compounds. A large deviation
from the linear interpolation of lattice parameters for the other rare-earth compounds with the

same composition is an indication of the divalence of the Eu ion [27]. When an external pressure
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R: rare earth

X: group 14/15 atoms

T: transition metal

L.

Centrosymmetric ThCr,Si,-type Non-Centrosymmetric BaNiSn;-type

Figure 1.3: ThCr,Si,-type centrosymmetric RT> X5 and BaNiSn3 type non-centro symmetric RTX3 crys-
tal structures. The central plane is illustrated to demonstrate its non-centrosymmetry. These structures
were visualized by using VESTA [26].

is applied, Ce compounds show second order phase transition from antiferromagnetic to non-
magnetic ground state where 7y slowly decreases as function of pressure and reaches 0 K at the
QCP as described in Fig.1.4 (a). However much different phase diagram was observed in case
of Eu-compounds. In most of the reported Eu-compounds, Eu-ions favour a Eu>* (J=7/2) at
ambient pressure with an antiferromagnetic ground state. When an external pressure is applied
on Eu-compounds, the magnetic ordering temperature 7y increases as function of pressure up
to threshold pressure and a sudden first order transition to non-magnetic Eu>* was observed, as
presented in Fig. 1.4.

Magnetic properties of Eu-compounds strongly depend on the Eu valence state. There are
not many but some Eu-compounds with nonmagnetic Eu?* (J=0) at ambient pressure exist and
exhibit the Van Vleck susceptibility, such as EuCo;Si; [30] and EuPd3 [31]. Since, the energy
difference between Eu?" and the nonmagnetic Eu’* is not so large ~ 0.07 eV in EuCu,Si, [32],
Eu valence transitions controlled by temperature, external pressure, and chemical substitution
have been reported in Eu-compounds. Since Eu** ionic radius is smaller than Eu”* ions, the

valence transition from Eu?* to Eu’* is stated as volume collapse model.
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Figure 1.4: Typical phase diagram of (a) Ce compounds and (b) Eu compounds, adapted from Ref
[28]. Here v = 2 represents the divalent state, v = 3 represents the trivalent state, 7Ty represents the
Néel temperature, Ty is the valence transition temperature, and 7™ is the coherence temperature. (c) An

atypical pressure change of Ty reported in EuRhSi3 [29].

1.6.1 EuT2X2 (Eu-122)

Among ternary Eu-compounds, EuT,X, (7: transition metal, X = group 14/15 in periodic
table) series with the ThCr,Si,-type structure (Eu-122 systems) has a wide variety and is most
intensively studied. The crystal structure of Eul22 systems is built up with identical [T>X»]*~
layers separated by A>* ions. Eu sits on 2a Wyckoff position with coordinates (0, 0, 0), T
occupies the 4d position with coordinates (1/2, 0, 1/4), and X occupies the 4e position with
coordinates (0, 0, z).

Many of Eu-122 systems possess Eu>* ions and exhibit antiferromagnetic ordering at low
temperature. Among them, pressure and temperature induced valence transitions from Eu?* to
Eu’t were reported, for example in EuRh,Si, (~ 2 GPa at 170 K) [34], and EuCo,Ge; (~ 3
GPa at 50 K) [35]. The valence transition is realised at around 5 GPa in EuNi;Ge; even at room
temperature. When the temperature is cooled down, the valence transition happens at pressure
about 2 GPa at 34 K in EuNi»Ge, [36]. Applying pressure on such compounds increases TN,
then a sudden disappearance of magnetic moments and a valence cross-over happens at a critical
pressure. These materials show the first order valence transition.

Along with valence transition, pressure-induced first-order/second-order isostructural tran-
sitions have been reported in (EuT,X5), such as EuCo,P, (~ 3 GPa), EuFe,; P, (2-9 GPa) [37],
EuCosAs; (~ 5 GPa) [38], and EuNi;Ge; (~ 5 GPa) [39]. The Eu valence in those compounds
is almost Eu?T at ambient pressure. The lattice parameters abruptly change by applying pres-
sure without changing [4/mmm symmetry in most cases. Across the isostructural phase transi-

tion from tetragonal to the so-called collapsed tetragonal phase, the a- and c-lattice parameters
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Figure 1.5: Electronic properties of EuT,X, with ThCr,Si,-type tetragonal structure as a function of
the lattice parameter along the c-axis. Open square indicates magnetic ordering temperature, open circle
indicates a temperature where the electrical resistivity shows broad maximum, and black bar indicates
the c-axis lattice parameter of trivalent Eu compounds. Figure taken from [33].

greatly change as well as the unit cell volume and (c/a) axial ratio.

In the case of EuCo;,P,, the c-lattice parameter decreases by 12.3%, while the a-lattice
parameter increase by 2.8% leading to an extreme collapse of the c/a ratio (-14.7%) after the
first-order isostructural transition [40]. By applying the pressure, the change in the bonding
nature of P-P (As-As) along the c axis is reported in EuCo,P, and EuCoyAs, [37; 38] which
contributes to the collapse tetragonal structure. In EuT,X; materials, the correlation between

Eu valence and unit volume (lattice parameter c¢) are presented in Fig.1.5.

1.6.2 EuTXj3 (Eu-113)

Unlike the Eu-122 systems, much less studies have been reported among Eu-compounds with
the BaNiSn3-type structure (I4mm), which is closely related to the ThCr,Si>-type structure
(see Fig.1.3). Recently, a series of europium transition metal silicides/germanides, Eu7 X3 (7=
transition metal, X=Si or Ge), with the BaNiSn3-type structure were reported. In the crystallo-
graphic unit cell of Eu7TX3 systems, Eu atoms occupy the 2a Wyckoff site, silicon/germanium
atoms are located at two different Wyckoff positions 2a and 4b, while transition metal atoms
occupy the 2a site [41]. Magnetic susceptibility measurements [42; 43; 44] and Mdossbauer

spectroscopy [45; 46] revealed the presence of magnetic Eu’* ions in each of the investigated
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compounds. While all of them order antiferromagnetically (AFM) at similar temperatures, the
magnetic structure formed by the localized Eu 4 f moments depends on the transition metal
constituent. For example, in EuRhGes the AFM order sets in at 7y= 11.3 K and the moments
are confined in the ab plane, while they are aligned along the c-axis in EuCoGes, EuNiGes and
EulrGes that order at Ty = 15.4, 13.5, and 12.3 K respectively [41; 42; 43].

18 T 6 9 T
EuCoGe, - g EulrGe,
151 i1l (100) smsamern ety 5P i1 [100] g o s sovmesnemttee
70 i
— 12} — 4} —
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So00f, N 4+ 4 Soof Veeood 1
3 0TS 0 15w A 1t TS w15 2 3 J ECEERTIRTES
T[K] T[K] Tkl
i . . T® g T K .
0 5 10 15 20 25 0 3 10 15 20 25 0 5 10 15 20 25
Temperature [K] Temperature [K] Temperature [K]

Figure 1.6: Low-temperature variations of the electric resistivity of EuTGes (T=Co,Rh and Ir) single
crystals taken from Ref.[41]. The inset shows the temperature derivative of the electric resistivity.

The magnetic ordering temperatures at low temperature in electric resistivity and magnetic
susceptibility of EuCoGes, EuRhGe3 and EulrGes are presented in Fig.1.6 and Fig.1.7, re-
spectively. Below 7y, successive magnetic phase transitions were observed at 7= 13.4 K in
EuCoGes and T;= 7.5 K and T%= 5.0 K in EulrGej [41; 44]. Very recently, EulrGes was stud-
ied by neutron and resonant x-ray diffraction and complex magnetic phase transitions from an
incommensurate longitudinal sinusoidal structure below Ty to a cycloidal structure below T3,

then to a cycloidal structure rotated by 45° in-plane below 7 were revealed [47].
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Figure 1.7: Low-temperature variations of the magnetic susceptibility of EuTGes (T=Co,Rh and Ir)
single crystals measured with magnetic field applied along and perpendicular to the crystallographic c-
axis taken from Ref.[41].

In contrast with Eu-122 compounds, an atypical pressure response has been reported in
EuRhSi3 [48; 29]. EuRhSi3 exhibits antiferromagnetic ground state with almost divalent Eu
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ions at ambient pressure. Applying pressure causes an increase of 7y up to 5—7 GPa, then at
higher pressure Ty smoothly decreases in a similar manner of the Doniach-type phase diagram
[48; 29], presented in Fig.1.3 (a). Pressure dependent electric resistivity measurements sug-
gested a continuous change of the Eu valence without a first-order valence transition [29]. This
behavior implies a potential presence of the QCP as well as the emergence of superconductivity
in its vicinity.

Temperature-dependent electric resistivity measurements under pressure were reported on
EuCoGes, EuNiGes, EuRhGes, and EulrGes up to 8 GPa [49; 44]. The magnetic transition
temperatures Ty and 73, were found to increase with increasing pressure and no sign of any
other phase transition was observed, as presented in Fig.1.8. Similar results were obtained from
pressure-dependent ac calorimetry in EuCoGes up to 10.4 GPa, which additionally indicated a
pressure-driven moderate effective mass enhancement [50]. So far, the emergence of pressure-
induced superconductivity in these materials has not been reported. Hence, a much higher
pressure is required to investigate a possibility of valence transition or potential pressure induced

superconductivity in these compounds.

EuTX3 crystal synthesis

Since the thesis concerns electronic and crystal structural studies of Eu(Co, Rh, Ir)Ges, the
synthesis method of those crystals utilized for the experiments is briefly mentioned here. High-
quality single crystals of EuCoGes, EuRhGe3 and EulrGes; were grown and characterized at the
Institute of Low Temperature and Structure Research, Polish Academy of Science, Wroclaw
Poland. The crystals were obtained by the metal fux method using liquid indium as solvent.
The starting materials in growing Eu7'Ges ternaries were high purity elements: Eu (99.9 at.%),
T metals (99.999 at.%), Ge (99.999 at.%) and indium (purity 99.99 at.%) taken in the ratio
of 1:1:3:20 with additional 5% of Eu to compensate possible weight loses due to evaporation
and/or contamination by oxides. The syntheses were carried out in small alumina crucibles
placed in quartz tubes. More details about crystal synthesis and characterization can be found
in Ref. [51].

1.7 Aims of Research

The study aims to reveal the pressure evolutions of Eu valence and crystal structure in Eu7 Ges
and to elucidate the different pressure responses among Eu7 Ges with 3d, 4d, and 5d tran-

sition metal constituents with various experimental techniques. The study will advance the
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Figure 1.8: Temperature dependent electrical resistivity curve of (a) EuCoGes, (b) EuRhGes, and (c)
EulrGes under pressures. (d-f) magnetic transition temperatures as a function of pressure obtained from
the resistivity curves above. These figures are taken from Ref.[44]

understanding of the pressure phase diagram of the Eu7' Ges series and will enlighten differ-
ences/similarities between the Eu-122 system and Eu-113 systems. The electrical resistivity
measurement under pressure aims to investigate potential pressure-induced superconductivity
in EulrGes.

1.8 Thesis outline

The pressure evolution of electronic and crystal structure of EuTGes was studied with various
experimental techniques, and the effect of different transition metal constituents on pressure
evolution of Eu valence was investigated. The P-T phase diagram of EulrGe; was expended
with the help of electric resistivity under pressure.

Chapter 2 consists of the experimental details of the high-pressure setup, including infor-
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mation on the Diamond Anvil Cell, its working mechanism, and its use in various high pressure
experiments. This chapter also covers the basics of experimental techniques used in the re-
search.

In Chapter 3, the results of X-ray Absorption Spectroscopy (XAS) and X-ray Diffraction
(XRD) under pressure are presented, along with a detailed explanation of data analysis methods.
A comparison between pressure evolution of electronic structure and crystal structure of three
compounds is provided. Electric resistivity under pressure of EulrGes up to 15 GPa is presented,
along with the proposed P-T phase diagram.

Chapter 4 contains the summary of the thesis, providing an overview of all the experimental
results.

The main results which are presented in this thesis have been published in two research
articles, and one article has been accepted for publication in High Pressure Research. These

three research articles are:

1. Y. Utsumi, L. Batisti¢, V. Balédent, S. Shieh, N. Dhami, O. Bednarchuk, D. Kaczorowski,
J. Ablett and J.-P. Rueff, Electronic Structure 3, 034002 (2021).

2. N. Dhami, V. Balédent, O. Bednarchuk, D. Kaczorowski, S. Shieh, J. Ablett, J.-P. Rueff,
J. Itié, C. Kumar and Y. Utsumi, Physical Review B 107, 155119 (2023).

3. N. Dhami,, V. Balédent, 1. Batisti¢, O. Bednarchuk, D. Kaczorowski, J.P. Iti€, C.M.N.

Kumar, and Y. Utsumi, accepted for publication in, High Pressure Research.
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Chapter 2
Experimental

Hydrostatic pressure can be generated by using pressure cells in laboratories. One of the most
commonly used pressure cells for physical property measurements is the piston-cylinder cell.
The advantages of the piston-cylinder cell are a large sample space and relatively easy handling.
(The details of the piston-cylinder cell are presented in Appendix B.0.2.) However, the pressure
range is limited to ~3 GPa. When higher pressure is required, a Diamond Anvil Cell (DAC)
can be utilized to achieve pressure up to ~ 100 GPa.

The pressure evolution of electronic and crystal structures of Eu7’Ges (T= Co, Rh and Ir)
and its pressure-temperature phase diagram were studied by using complementary experimental
techniques. As mentioned in the introduction, the study required to reach very high pressure (up
to 50 GPa). Therefore, a DAC was employed for high-pressure generation. This chapter aims
to introduce the working principle of a DAC which was commonly used in three different types
of experiments, the pressure calibration methods for each measurement, and the principles of
X-ray absorption spectroscopy and X-ray diffraction.

Section 2.1 explains details about DAC including its working principle, gasket materials
selection, preparation and pressure transmitting mediums. In section 2.2, pressure calibration
methods used in different experiments are presented.

Electric resistivity measurements under pressure above a few GPa were especially challeng-
ing, and implementation of the transport DAC and achieving reliable measurements required
enormous effort. Therefore, section 2.3 is dedicated to the DAC for electric resistivity measure-
ments under pressure to explain its mechanism and a sample preparation procedure. In section
2.4, principles of HERFD XAS and experimental conditions for XAS under pressure are pre-
sented. Section 2.5 covers the principles of XRD and experimental conditions of XRD under

pressure for synchrotron and lab XRD measurements.
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2.1 Working Principle of DAC

The DAC is a widely used and versatile high-pressure device. The first design of the DAC
was reported by Weir et al [52] in 1959 which could go up to 3 GPa. Since then the DAC has

undergone continuous evolution in the succeeding decades.

diamond _‘ sample space

diamond sample diamond culet

Figure 2.1: Side view of a diamond anvil cell. Two opposing diamonds attached on backing plates, and a
gasket is pressed in between diamond culets. A magnified view of sample space with pressure indicator
ruby in it.

Figure 2.1 presents the side view of DAC. The DAC comprises two opposing diamond anvils
that compress a sample between them. Gem-quality diamonds, whether natural or synthetic,
are attached to rigid backing plates made of tungsten carbide, hardened stainless steel, and/or
beryllium copper. A pair of diamond anvils is aligned within a pressure cell, ensuring that their
opposed faces (culets) are parallel and precisely overlapping. The pressure in a DAC is applied
by screw or membrane mechanism.

The choice of diamond is due to its exceptional hardness and ability to withstand immense
pressures without significant deformation. Diamond makes an ideal anvil for X-ray analyses; it
has a low atomic number and therefore a very low absorption. The diamond culet shape plays
an important role, with the most commonly used being the flat diamond culet. Various diamond
anvil geometries have been proposed to generate higher pressure in the terapascal (TPa) range,

including single/double-beveled anvil, toroidal anvil, and double-cup anvil designs [53].

2.1.1 Gasket and pressure transmitting mediums

A gasket in a DAC should have a small and well-defined sample space between the diamond

anvils. The sample space is typically cylindrical or toroidal in shape to confine the sample and
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pressure transmitting medium. The design of a gasket and its material are influenced by the
desired pressure range, the nature of the sample (e.g., conductivity, reactivity), and the specific
experimental requirements. Gaskets are typically made of materials such as stainless steel, rhe-
nium, and other high-strength alloys. The relations among gasket thickness, pressure stability,
and evolution of stress of gasket material were studied by Dunstan [54]. A pre-indentation of
the gasket was suggested to increase the stability of pressure.

Gasket materials: The most frequently used material for gaskets are beryllium, stainless
steel, tungsten, rhenium, Ni(Cr 39-41%)(Al 3-4%) and CuBe. Beryllium is transparent to x-ray
with small absorption and can be used up to 50 GPa pressure. However, machining beryllium
is dangerous and can cause terminal disease called Chronic Beryllium Disease. Rhenium and
tungsten gasket are useful for high pressure range ~ 50 GPa, and stainless steel gasket is used
for lower pressure regions (~ 30 GPa).

Pressure transmitting medium (PTM): To ensure hydrostaticity in the DAC, the gasket sam-
ple space is usually filled with PTM, which is supposed to limit the pressure gradient and shear
strains. Inevitably, the melting line of fluids eventually rises under pressure, leading to a solidi-
fication of PTMs at a certain pressure. Beyond this point, the pressure inside the sample space
tends to be inhomogeneous, and both differential (mostly uni-axial) stress and shear stresses
emerge. The commonly used PTM are He, Ne, Ar, Daphene oil, NaCl, etc.

Table 2.1 presents the different gasket materials, pressure gauge, and PTM used for the

various experiments.

Table 2.1: Experiment type, gasket material, pressure gauge, and corrosponding PTM. Note: For electric
reistivity under pressure at room temperature, the pressure was detected with ruby. While at low temper-
ature, the pressure in the DAC was calibrated with lead T¢.

Experiment type Gasket material Pressure gauge PTM
HERFD XAS beryllium ruby fluorescence Ne
Transmission mode XAS rhenium ruby fluorescence 4:1, Methanol:Ethanol
XRD stainless steel/rhenium gold EOS Ne or He
Electric resistivity stainless steel lead T, Daphne 7373

2.2 Pressure calibration methods

Different pressure calibration / detection methods were used in various experiments according
to convenience. Followings are the detailed descriptions of pressure calibration methods in

different experiments.
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2.2.1 Ruby fluorescence pressure gauge

The ruby fluorescence pressure detection method was used for HERFD XAS and electric re-
sistivity under pressure at room temperature. Laser-induced ruby fluorescence R1 line is most
commonly used as a pressure gauge for pressure determinations up to hundredes of GPa range
(optical sensor). Ruby is chromium-doped corundum (Al,O3). The Cr3* jon is in an octahedral
coordination with six surrounding oxygen ions. The R1 and R2 fluorescence lines (wavelength
694.2 and 692.81 nm, respectively) are separated by a crystal field splitting of the 2E level of
the Cr>* ions in a corundum (Al,O3) lattice (Fig. 2.2 (a)).
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Figure 2.2: (a): Excited states of Cr*t in ruby, taken from [55]. In the weak crystal field limit, one starts
from the free-ion multi-electron states. The states split due to the ligand field and interactions between
terms. Optical absorption into the #7» and 275 levels (the U and Y bands) and sharp R-line luminescence
originating from the E level are indicated. (b): Ruby fluorescene spectras as function of pressure. R1
and R2 peaks show shift to higher wavelength (low energy) with increasing pressure. These experiments
were performed at the institute of physics, Zagreb.

A linear red shift of the ruby fluorescence R1 line (°E g — 4A2g emission following 4A2g
— 4T2g or 4Ty ¢ €xcitation) as a function of pressure up to 2.3 GPa was first showed in 1972
by Forman et al. [56]. The linear red shifts of ruby fluorescence spectra at various pressure
are presented in Fig. 2.2 (b). The ruby fluorescence under pressure at low temperatures was
also studied [57], which showed the decrease of intensity of R1 and R2 peaks with decreasing

temperature. While the intensity of N lines originating from exchange-coupled Cr ion pairs
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is enhanced at low temperatures, which is proposed as an alternative scale for pressure at low
temperatures.

A number of empirical calibration curves of the R1 fluorescence shift at high-pressures and

temperatures have been proposed for the ruby pressure scale. The pressure calibration by ruby

fluorescence was done by following equation;

p(v>=a[(’“;x°)+b<’“‘k’“°)1 .1

with a = 1798 and b = 8.57 [58]. The shift of the R1 and R2 lines (Ay = 694.34 nm and 692.81

nm are R1 and R2 peaks of the zero-pressure wavelengths at 298 K, respectively.) The pressure

calculation in case of hydrostatic and non-hydrostatic pressure is presented in Appendix ??.
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Figure 2.3: Unit cell volume of gold and EOS fitting as a function of calibrated pressure. Inset shows the
crystal structure of gold (Fm-3m, 225) drawn by VESTA [26]. These experiments were performed at the
Soleil synchrotron, France.

2.2.2 Gold equation of state

For XRD experiments under pressure, a small amount of gold powder was loaded with sample

in the DAC as a pressure reference material (diffraction sensor). XRD diffractograms at various
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loads (load on pressure cell) for gold were collected. The unit cell volume of gold at various
pressures is presented in Fig. 2.3. The pressures were determined by using the 3" order Birch

Murnaghan equation. The 3 order Birch Murnaghan equation below was used for EOS fitting

[59]:
P(V>:@[(E)7/3_(E)S/3 (E>2/3_1] }
2 \% 1% \% ’

Here, By and B{, denote the bulk modulus at 0 GPa and the first pressure derivative of the

{1+§(B()—4)

bulk modulus, respectively.

Bo——v (% P
o IV /) p—o ° \op P=0

The unit cell volume at 0 GPa Vj = 67.847 A3, bulk modulus By = 167 (11) GPa, and B))=
5.5 (£0.8) were taken from [60] and used for calibration.

2.2.3 Lead (Pb) superconducting transition temperature

Superconducting transition temperature (T.) is very sensitive to external pressure, which makes
it an excellent candidate for pressure gauge. The most commonly used pressure gauges are lead
(Pb, T, = 7.2 K ) and tin (Sn, T, = 3.7 K). The superconducting transition T, decreases with
increase of pressure in lead as presented in Fig 2.4 (a).

For electric resistivity measurements under pressure, when the pressure cell is in the tem-
perature range of liquid helium, lead T, is ideal for pressure gauge. Since parts of a DAC
are made of metals, DAC undergoes thermal contractions during low-temperature experiments.
Especially in BeCu DAC for electric resistivity measurement, the thermal contraction tends
to deviate pressure at low temperature from the pressure at room temperature determined by
ruby fluorescence. This deviation was observed in the pressure range (>5 GPa), and value was
determined to be around 1 GPa, as presented in Fig. 2.4 (b).

Due to the limited sample space in the DAC and mandatory electrodes for electric resistance
measurements, a sample and the pressure reference lead were measured separately. Note that
during the measurement of lead, experimental conditions (disc spring washer stacking, gasket
material and size and pressure medium) were kept the same as the electric resistivity measure-

ment of the sample. The pressure calibration was performed by using following equation: [61]

Tc(P) = Tc(0) — (0.365+0.003)P,
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Figure 2.4: (a): Normalized electric resistivity curves of lead at selected pressure. Effect of increase in
pressure on T, of lead can be seen as a shift towards low temperatures. (b): The obtained pressures from
lead T, and the pressure determined by ruby fluorescence at 300K. These experiments were performed
at the institute of physics, Zagreb.

where T.(0) is the superconducting transition temperature of lead at 0 GPa and T.(P) is

transition temperature at respective pressure.

2.3 Electric resistivity under pressure

Electric resistivity measurements under pressure come with additional complexity in the picture
due to a presence of wires/leads for resistivity measurements. It is challenging to introduce
electric leads into a sample space, especially when a metal gasket is used. To overcome these
challenges various designs were proposed, as an integrated microcircuit on a diamond [62],
using focused ion beam ultrathin lithographic deposited Pt-based leads on diamond culet [63].
A convenient idea is coating a thin layer of insulation on top of metallic gasket, i.e. alumina
(Al,03) and boron nitride (BN), to avoid short circuit between wires and metallic gasket.

To investigate a potential pressure induced superconductivity of EulrGes, electric resistivity
under pressure was performed using diamond anvil cell up to 15 GPa. To observe pressure at
low temperature, a pressure reference sample was desired to be loaded in the DAC with the

sample. However, due to small sample space (~ 300 um diameter) only a ruby ball (5-50 ym)
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was loaded with the sample. Then, the pressure inside DAC at low temperatures was calibrated

separately as presented in the previous section.

2.3.1 DAC Design

The DAC used for the electric resistivity measurements under pressure was made of standard
BeCu alloy. The DAC was designed to be a compact size, to be compatible with the cryostats
and PPMS, and to reduce temperature gradient. The DAC has the outer diameter of 25 mm,
the height of 40 mm, and the piston diameter of 10 mm. For electric resistivity measurements
of EulrGes, diamond anvils with culet diameters of either 1.1 mm or 0.9 mm were used. The

BeCu DAC for the electric resistivity measurement is presented in Fig. 2.5.

Disk springs Gasket

Figure 2.5: The BeCu DAC for electric resistivity measurements under pressure. (a): Assambled DAC.

(b): Different components of the DAC, disk springs, piston, gasket, and diamond anvils.

2.3.2 Gasket material selection

To select an optimal gasket material for electric resistivity measurements in a pressure range
up to 15 GPa, the stability and hardness of various materials were investigated. A variety of
stainless steel materials were checked for stability and hardness up to the required pressure
range (See appendix). The deformation of sample space under pressure was investigated in a
few selected stainless steel gaskets (MP35N, SS304L, hardened stainless steel sheets of various
thickness, and inox). The effect of pressure on the sample space was monitored as deformations

of shape and size of sample space. Gaskets were made of hardend stainless steel disks and were
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purchased from the Almax easylab. Fig. 2.6 and Fig. 2.7 show the changes of sample space
within gaskets made of SS304L and MP35N, respectively.

3.8 GPa

Figure 2.6: A deformation process of stainless steel gasket (SS304L). The sample space starts to expand
with increasing pressure and its shape departs from the circle around 5 GPa.

Figure 2.7: The deformation process of the MP35N gasket. Sample space starts to deform around 13
GPa.

During the application of pressure in the DAC, changes in the sample space diameter are

critical factors that can lead to experimental failure. When the sample space diameter is <
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1/3 of the culet diameter, the sample space tends to collapse. Conversely, when the sample
space diameter is > 1/3 of the culet diameter, the sample space tends to expand with increasing
pressure (Based on the MP35N stainless steel gasket with a 0.75 mm culet diamond). In the
former case, experiments may fail due to non-homogeneous pressure distribution or sample
crushing caused by the gasket, while in the latter case, diamonds may come into contact and
might break. Crushing samples can be avoided by choosing small samples, though the latter
case might cause irreparable damage to the diamond anvils. Hence, the gasket hole was kept

less than one-third of the culet diameter for the measurements.

2.3.3 Preparation

Gaskets made of MP35N with a thickness of 200 um were pre-indented to 70 um. In the center
of the indented area of the gasket, a sample space was drilled by a spark erosion machine. The
optimal size of the sample space should be ~ 30% of the diamond’s culet. Various steps of
experimental preparation are presented in Fig. 2.8.

Stycast 2650 with o-Al,O3 in a ratio of 1:4 (Stycast:Al,O3) was applied to the gasket using
a 10-micron tungsten needle. Then, the gasket was heated on a hot plate for 1 hour at 90-
100°C. Subsequently, the gasket was loaded into the DAC and pressed to a load of 400/450 Kg
to flatten the insulation and make it slightly thinner. Besides providing insulation, the insulation
layer increases the thickness of the sample space. The optimal insulation thickness should be
25% of the thickness of the indented gasket. Having thicker insulation increases the risk of the
insulation entering the sample space and interferes with the measurement. The durability of the
insulation was checked down to liquid helium temperature, and no reactions to the hydrostatic

medium over time were confirmed.

2.3.4 Sample loading in DAC

After insulating gasket, the sample was loaded into the DAC, and then flattened platinum wires
were glued onto the gasket for outer connections. The direct electric connections to the sam-
ple were prepared with 12 um diameter gold wires. Daphne oil 7373 was used as the pressure
medium, and the ruby fluorescence technique was employed to determine pressure at room tem-
perature. To achieve accurate pressure readings, ruby fluorescence was measured both before
and after each temperature cycle of electric resistivity measurements. The pressure in the cell
was generated by using a hydraulic press and manually tightening the three screws on top of the
DAC, (see Fig 2.5).
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Figure 2.8: Preparation steps of electric resistivity measurements under pressure. (a) Placing the gasket
on the bottom diamond. (b) Indenting the gasket with a certain load (it should be slightly higher than the
expected load to generate the required pressure). (¢) Drilling the sample space. (d) Placing insulation and
flattening it. (e) Removing excess insulation from the sample space and positioning the outer platinum
wires. (f) Loading the sample and connecting it to the outer, thicker platinum wires (50 um diameter)
using a small amount of room temperature silver paste. (This involves mechanical contact between
sample wires and Pt wires, so a very small amount of silver paste is recommended to avoid any short
circuits.)

2.3.5 Measurement setup and conditions

The four-probe DC resistivity measurement technique was used to measure the electric resistiv-
ity. Small crystals of EulrGes were extracted from a larger and characterized single crystal of
EulrGes. The sample size was too small to determine its orientation, thus, the direction of the
current was not defined. The DAC was cooled down to 1.5 K at a rate of 1K/min, while heating
up to room temperature was at a rate of 0.2K/min until reaching the Ty, and then at a rate of
0.3K/min for higher temperatures.

2.4 X-ray absorption spectroscopy under pressure

Pressure dependent HERFD-XAS was performed on Eu7 Ges (T = Co, Rh, and Ir) at various

absorption edges to study the pressure evolutions of the Eu valence and charge transfers among
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Figure 2.9: Left: Sample connections for electric resistivity measurement under pressure by four probe
method. The outer wires are made of the gold with 50 um thickness. Right: The magnified view of the
sample space.

different elements.

2.4.1 Principle of HERFD XAS

The High-Energy-Resolved Fluorescence Detected (HERFD) X-ray Absorption Spectroscopy
(XAS), with its atomic and orbital selectivity, is a spectroscopic probe that is quite useful for its
richness of information [64]. X-ray absorption near edge spectra (XANES) provide element-
selective information about the oxidation state, coordination, and spin state. HERFD XAS is
a bulk sensitive photon-in photon-out process. Fig. 2.10 presents the schematic explanation
of HERFD XAS process. When one uses a high energy photon, the core-level electrons are
excited into the unoccupied states, and then the electron from outer shells relax into the core
holes while emitting fluorescence light. The measurement method by varying incident photon
energy and monitoring the fluorescence signals is called Fluorescence Yield. Here in these
experiments, only specific fluorescence signals were recorded (partial fluorescence yield) to
reduce the lifetime broadening due to deep core hole. It is a powerful tool to overcome the
limited energy resolution of conventional XAS and to probe the detailed spectral feature near
the edge.

The RXES (Resonant X-ray Emission Spectroscopy) process consists of the absorption of an
incident photon n®;, which provokes the transition of a core electron to empty states followed
by the emission of a secondary photon h®; upon recombination of another electron to the

primary vacancy. To illustrate the narrowing effects in RXES, the case where the intermediate
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% [ % 2 =

Figure 2.10: Schematic of Eu L3 HERFD XAS - High energy photon is exciting core electron to the
unoccupied states. Then one electron from 3d level relaxes into the 2p core hole emitting photon with
energy of hv'. This fluorescence signal is detected in HERFD XAS.

states are delocalized states with little overlap with the core-hole wave function was considered.

Omitting interference effects, the cross-section then reads,

Cﬂ_ﬁzzz/dm(e)( (1Bl 678 Iy/2n
f i

Eq—Ej—e+ho)2+T7 /4" (Eg—Ef —e+ho —he)? +T7/4°
(2.2)
where T} and T; are the transition operators for the incident and emitted photons and 1 (€)
is density of unoccupied states. In this simplified form, the cross section merely reduces to a
product of two Lorentzian functions of width proportional to I'; and I'y and centered at two
different energies, respectively function of ®; and ®; — ,.

Partial fluorescence yield (PFY) mode is interesting because it resembles a standard x-ray
absorption (or total fluorescence yield (TFY)) spectrum but with better resolution. The sharp-
ening effect results from the absence of a deep core-hole in the final state. As opposed to mea-
surements in the TFY mode however, the PFY spectra is not strictly equivalent to an absorption
process, since it depends on the choice of the emitted energy. Multiplet effects in the RXES
final state can also distorts the PFY lineshape [64]. In the PFY mode, the lifetime broadening

I'pry can be approximated by:

1 1 1
— = — (2.3)
5, 0D

In general, the lifetime broadening of the final state is considerably smaller than that of
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core excited state (I'y << I), thus giving the possibility of performing x-ray absorption spec-
troscopy below the natural width of the core excited state.

The HERFD, makes possible to overcome some of the main limitations of conventional
XAS experiments. This technique consists of measuring the X-ray absorption spectrum via
monitoring the intensity of a fluorescence line corresponding to a specific excited state decay
process using a narrow energy resolution. HERFD method suppresses 2p or 1s core-hole life-

time broadening owing to the resonant inelastic x-ray scattering process.

2.4.2 Experimental conditions of HERFD XAS under pressure
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Figure 2.11: Experimental layout of HERFD XAS: The undulator x-ray radiation is monochromatized
by a Si(111) monochromator, collimated by a Pd mirror,and subsequently focused at the sample in a
diamond-anvil cell, by a toroidal mirror. W and Pb Ly; fluorescence photons emitted along the entire
sample length are discriminated by the silicon analyzer and collected by anavalanche photodiode. The
sample, analyzer, and detector are all situated on a 1m diameter Rowland circle in the vertical scattering
plane. The incident x-ray intensity (IO) is monitored just up stream from the sample position. Figure
adapted from [65].

The HERFD XAS under pressure was performed at GALAXIES beamline of Soleil syn-
chrotron [66; 67]. The GALAXIES beamline is dedicated to inelastic x-ray scattering (IXS)
and Hard X-ray PhotoEmission Spectroscopy (HAXPES). The beamline is optimized to op-
erate in the 2.3 - 12 keV energy range with high resolution and micro beam. The incident

synchrotron beam was monochromatized using a Si(111) double-crystal monochromator fol-
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lowed by a Pd-coated spherical collimating mirror [65], as presented in Fig 2.11. The HERFD
near-edge XAS spectra were observed by varying photon energy across the Eu L3, Co K, Ir L3
and Ge K edges and recorded using a silicon drift detector. Each fluorescence line was selected
by changing the Bragg angle of the single crystal analyzer, as presented in table 2.2.

The samples were mounted in a DAC with Ne gas as a pressure transmitting medium (PTM)
and a ruby as a pressure indicator [68]. A high purity beryllium gaskets were used through
which the incident and fluorescence x-rays traverse to measure the Eu Ly, Co Kﬁl , Ir Ly and
Ge Ky emissions. The XAS under pressure experiment was performed with in-plane scattering
mode, schematic is presented in Fig 2.12(a). The pressure was applied by manually tightening
a set of 4 screws on the DAC. For an accurate pressure calibration, the ruby fluorescence signal

was measured before and after the measurement of XAS spectra at each pressure.

Table 2.2: Emission line energies, analyzers and Bragg angles for various elements for HERFD experi-

ments.

Emission line Energy (eV) Analyzer Bragg angle (deg)

Eu-Lg; 5846 Ge(333) 77°
Co-Kp, 7649 Ge(444) 84°
Ir-Loy 9174 S1(800) 84°
Ge-Kq 9886 Ge(555) 74°

2.4.3 Transmission mode XAS

XAS under pressure by using a transmission mode was performed at ODE (Optique Dispersive
EXAFS) beamline at Soleil Synchrotron. The main advantages of Dispersive XAS are the fo-
cusing optics, the short acquisition time (few us) and the great stability during the measurements
due to the absence of any mechanical movement.

The experiment was performed on single crystals and powders of EulrGes at room temper-
ature and 4 K using a cryostat. A single crystal of EulrGes was fractured, and a thin sample
(approximately 20 um) was loaded into a rhenium gasket with 150 um sample space. A gas
membrane DAC with 250 um culet diameter were used. A 4:1 mixture of methanol to ethanol
PTM was used. EulrGe; XAS spectra along the Eu L3, Ir L3 and Ge K edge up to 50 GPa were
recorded with CCD detector. Pressure was measured with ruby fluorescence method before and
after the measurement of XAS spectra at each pressure.

Experimental layout of transmission mode XAS is presented in Fig. 2.12 (b). The X-
rays are passing through diamond, absorption due to diamonds of various thickness and its
comparison with Be gasket is presented in Fig. 2.12 (c). The absorption length (u¢) is defined
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as ut = —In(I/Iy), where u is the absorption coefficient, ¢ the thickness of the material along

the x-ray path, Iy and I are intensities of the incident and transmitted x-rays, respectively [69].

(a) (b) o
X ray

(©

4mm diamond

200 pm diamond 3

T T
0 10 40 50

20 30
Energy Level (KeV)

Figure 2.12: DACs used for XAS and XRD under pressure. (a) In-plane scattering mode for HERFD
XAS experiment. (b) Full transmission mode for XAS and XRD experiment. (¢) X-ray absorption length
of commonly used materials in DAC as a function of energy. (d) Mechanical screw based DAC used for
HERFD XAS under pressure. (e) Gas membrane DAC used for XRD and transmission XAS experiments
under pressure. Its main originality is that the force on the piston is generated by pressurized helium,

which pushes an annular membrane [70].

2.5 X-ray diffraction under pressure

X-ray diffraction (XRD) is an analytical process that provides information about crystal struc-
ture of a material. The crystal structure of a material can undergo significant changes when
subjected to high pressures. Under pressure, the interatomic distances, angles, and arrange-
ments within the crystal lattice can be altered, leading to phase transitions and the emergence
of new crystal structures. The response of a material’s crystal structure to pressure provides
valuable insights into its behavior and properties under extreme conditions. Powder XRD as a
function of pressure was performed on Eu7'Ge3 (T = Co, Rh and Ir) to study the crystal struc-
ture evolution with pressure. An image of gas membrane DAC used for XRD under pressure is

presented in Fig. 2.12 (e).

28



2.5. X-ray diffraction under pressure Chapter 2. Experimental

2.5.1 Principles of X-ray Diffraction

XRD is the most widely used technique for characterizing crystal structures of materials. Effec-
tively, a crystal is composed of many identical unit cells that are stacked together in a repeating
array, and each of those unit cells contains atoms or molecules that are arranged in a way that
can be mathematically described. The diffraction process is described by well known Bragg’s

law, given by:

nh = 2dhk1sin9. (2.4)

Here djy; is the distance between the parallel lattice planes with Miller indices (hkl), 0 is the
angle between the lattice planes and X-rays of wavelength A, and n is an integer number. When
Bragg’s condition is satisfied an intensity maximum occurs due to constructive interference of

the scattered beam, as illustrated in Fig 2.13.

d sind Condition for constructive
intereference is:

ni=2d sin®

Bragg's |
@0 @@ @@ rase s

Figure 2.13: Schematic representation of Bragg’s law conditions.

The purpose of a diffraction experiment is in essence the determination of the spatial ar-
rangement of atoms in a crystal. This spatial arrangement can either be matched with those
found in a database of known crystal structures (phase identification) or refined entirely (struc-
ture solution). After obtaining the arrangement of atoms, X-ray diffraction becomes a powerful
tool to determine crystal orientation and identify any deviations from the ideal atomic arrange-
ment, such as crystal deformation. This capability makes it an effective method for measuring

grain orientation, strain, and defect density in a sample.
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2.5.2 Experimental conditions of XRD under perssure

The single crystal of EuT'Ges were grinded into powder with the help of mortar and pestle
within ethanol. After a few minutes, the largest grains sank to the bottom of the mortar, and the
ethanol on the surface contained only the smallest grains. This ethanol is then recovered using
a syringe and deposited onto a glass slide to dry. The fine powder is then collected and placed
into the cell. The powder XRD (P-XRD) under pressure was performed at PSICHE beamline at
Soleil synchrotron. PSICHE beamline is dedicated to x-ray diffraction under extreme conditions
(pressure-temperature) and tomography at high energy (20-120 keV) [71]. The photon energy
of 33 keV (A= 0.3738 A) was used for P-XRD. A gas membrane DAC with 100°opening angle,
diamond culet size 300 um, gasket around 25-30 um thickness and sample space diameter of 150
um were used in the experiments. Inox gasket and neon PTM was used for EuCoGes P-XRD
under pressure. Rhenium gasket and helium (neon) PTM were used for EuRhGe3 (EulrGes)
P-XRD under pressure. The recorded 2D diffraction images were integrated using Dioptas
program [72]. The XRD under pressure experiments were performed in full transmission mode
as presented in Fig 2.12(b).

To investigate the possibility of structural transition under pressure, single crystal XRD (SC-
XRD) on EulrGes was performed at CRISTAL Beamline Soleil synchrotron. Photon energy
29.7963 keV (A= 0.4161 A) was used and 2D diffraction images were collected for few selected
pressures. A small single crystal of EulrGes was loaded in rhenium gasket with helium PTM.
A gas membrane DAC with a 90°opening angle was used. Data was collected along x-ray beam
direction with & =4 33.7 °, and azimuthal direction mini y = 0, -45°and 45°. In total, 90 image
files (30 at each ) were combined to make one final output image file. The data reduction was
performed with CrysAlis Pro [73] and structure solution was performed with Jana2020 [74].

Preliminary P-XRD experiment under pressure of EuRhGes was conducted in the XRD lab-
oratory at LPS Orsay. A microfocus X-ray tube with a molybdenum anode, double collimating
optics, and a MAR345 detector were utilized. The beam size was 100 um (circular) FWHM,
with no contamination from kg, thus only Kq(1and 2) peaks. XRD under pressure of EuRhGe;
up to 15 GPa was performed. A comparison between data quality between synchrotron and lab

data is presented in Appendix C.0.1.
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Chapter 3

Results

This chapter contains the results of Eu7'Ges (T = Co, Rh, and Ir) obtained by utilizing multiple
experimental techniques. In the section 3.1, the experimental results of pressure dependent
HERFD XAS and their fitting analyses are presented. The pressure evolution of the mean Eu
valence was obtained for each compound. Pressure-induced electronic structure changes and
their difference among three compounds are discussed here.

In section 3.2, powder X-ray Diffraction (XRD) results under pressure are presented. Pres-
sure evolutions of the crystal structure for each compound were determined by Rietveld refine-
ment. By the equation of state fitting analyses, the bulk modulus and the pressure derivative
of the bulk modulus of each compound were obtained from the experimental data. Differ-
ences/similarities in the pressure dependent structural changes among three compounds are dis-
cussed here.

In section 3.3, electrical resistivity measurements of EulrGez under pressure are presented.
By tracking a shift of the magnetic transition temperature (Ty) as a function of pressure,

pressure-temperature phase diagrams of EulrGes is proposed here.

3.1 X-ray absorption spectroscopy under pressure

To investigate the pressure evolution of electronic structure of EuCoGes, EuRhGes and EulrGes,
HERFD XAS under pressure was performed.

Firstly, the experimental results of each compound are presented in the following subsec-
tions. Secondly, a comparison among three compounds is presented to discuss the difference in

pressure response arising from different natures of transition metals.
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3.1.1 EuCoGejs
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Figure 3.1: (a) The Eu L3 HERFD XAS spectra of EuCoGes as function of pressure. The spectra are
normalized at higher energy end after substracting the constant background below the edge.

Figure 3.1 (a) shows the pressure-dependent Eu L3 HERFD XAS spectra of EuCoGes; mea-
sured at room temperature. The spectra were obtained by scanning the incident x-ray energy
through the Eu L3 absorption edge while recording the scattered intensity of the Eu Ly fluores-
cence energy. The HERFD spectra resembles to a standard XAS spectrum, though the spectral
shape is sharper due to the absence of a deep 2p core hole in the final state. The Eu L3 HERFD
spectra exhibit a prominent peak at 6972 eV and a broad peak centered at 6981 eV correspond-
ing to Eu?t 2p%4f7 — 2p74f7 + ed(s) — 2p®3d°4f7) and Eudt (2p®4 0 — 2p34£6 + ed(s)
— 2p®3d°4 £6) components, respectively. Although the transition process does not directly in-
clude the 4f states, the Eu?T and Eu* peaks in the Eu L3 HERFD spectra are well separated
and they are sensitive to the change of the Eu valence due to strong Coulomb interaction be-
tween the 3d core hole and the final state 4 f electron.

Figure 3.2 shows fitting of the Eu L3 HERFD XAS spectra at 2.7 GPa (lowest pressure) and
48 GPa (highest pressure). In order to obtain the mean Eu valence, the Eu HERFD spectra are
fitted with three Gaussian functions corresponding to Eu>*, Eu** and a satellite peak, and two
arctangent backgrounds for the Eu>* and Eu3* peaks. The arctangent background is to simulate
the atomic part of the edge jump to the continuum. This would normally be a step function that

is broadened by the lifetime effect and experimental resolution [75]. Since there was no energy
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shift in the peak positions of Eu?* and Eu’* components with increasing pressure, the peak
positions were kept constant during the fitting analysis. The mean Eu valence (V) was obtained
using the following formula:

I3+

V=24 prpr

3.1

Here I>* and I’* denote the integrated spectral intensities of Eu?>* and Eu>T peaks respec-
tively, extracted from the fitting. There is no signal of the quadrupolar 2p — 4f transition in the
pre-edge region. Note that the intensity of the satellite peak was not included in the Eu valence
estimation.

By increasing pressure, the mean Eu valence of EuCoGes continuously increases from 2.2
+ 0.02 at 2 GPa to 2.31 £ 0.02 at 48 GPa. The obtained mean Eu valence as function of pressure
is presented in Fig 3.11 together with EuRhGe3 and EulrGes.
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Figure 3.2: Examples of the fitting Eu L3 HERFD spectra of EuCoGejs at 2.7 GPa (a) and 48 GPa (b) to
extract Eu>* and Eu’* components.

The pressure dependent HERFD XAS spectra were also measured at Co K and Ge K edges.
Figure 3.3 (a) and (b) shows the HERFD spectra of the Co K and Ge K edges. After subtracting
a constant background below the edges, the spectra were normalized over the higher energy
end. The Co K edge spectra show pre-edge shoulder structures at 7710 eV and 7720 eV and the
main peak at 7729 eV which corresponds to the Co 1s — 4p dipolar transition. The pre-edge
structures were reported for Co foil [76] and Co-bearing oxides [77]. The pre-edge shoulder
at 7710 eV can be attributed to the Co 1s — 3d direct quadrupolar transition and the dipolar
transition to d — p hybridized state [77; 76].
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Figure 3.3: HERFD XAS results for EuCoGes along Co K and Ge K edge as function of pressure.
Spectras are normalized on high energy end after removing the constant background.
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Figure 3.4: (a) Co Kj and (b) Ge Ky emission spectra of EuCoGe; as function of pressure.

The following pre-edge structure at 7720 eV could be due to a shakedown process of ligand
to metal charge transfer [78]. The broad satellite peak far above the edge centered at 7775
eV may originate from extended x-ray absorption fine structure oscillations. The Ge K edge
spectra have a main peak at 11102 eV and a shoulder peak at 11106 eV. The spectral shape is
similar to the Ge K XAS spectrum of CeCoGes3 which is isostructural to EuCoGes. Following
the interpretation of the Ge K XAS spectrum of CeCoGes [79], the prominent peak at 11102 eV
and the shoulder peak at 11106 eV are considered to originate from Ge atoms in the Wyckoff
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positions 4b and 2a, respectively. Within the experimental resolution, neither Co K nor Ge K
edge spectra show any remarkable changes with pressure. In order to elucidate a slight change
by pressure, the Co Kg and Ge K x-ray emission spectra were also observed. However, no
reasonable changes have been detected as presented in Fig 3.4. The Co K and Ge K, emission
spectra were recorded at incident photon energies of 8209 and 11603 eV, respectively. The
Co Kp emission spectrum represents the main peak located at 7656 eV corresponding to the
Kgi,3 line. The satellite peak between 7645 eV and 7650 eV corresponds to the Kp’ line.
The intensity of the satellite peak changes slightly but no systematic change as a function of
pressure is observed. In the Ge K, emission spectra, two peaks were observed. The first peak at
9850 eV corresponds to Ky line and the second peak at 30 eV higher at 9880 eV, corresponds
to Ko line. Similar to the HERFD spectra, no considerable changes were observed within
experimental resolution as a function of pressure. The results indicate that the increase of the
mean Eu valence under pressure is due to intra-atomic charge transfer from Eu 4 f to 5d, and

negligible contributions from Ge and Co ions.

3.1.2 EuRhGe;
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Figure 3.5: HERFD XAS results for EuRhGes along Eu L3 edge as function of pressure.

Pressure dependent HERFD XAS spectra of EuRhGes were measured up to 40 GPa at room
temperature and presented in Fig 3.5. The Eu L3 HERFD spectra exhibit a prominent peak at
6975 eV and a broad peak centered at 6984 eV corresponding to Eu?" and Eu** components,
respectively. The HERFD XAS spectrum shows an intensity shift from Eu?T to Eu’* with
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increasing pressure. A broad satellite peak was observed around 20 eV above the main line. This
feature has been reported in other Eu compounds and considered to be related to the intralayer
and interlayer electronic states in a layered system [80]. The Eu L3 HERFD XAS spectra was
fitted with three Gaussian functions corresponding to Eu?*, Eu** and a satellite peak, and two
arctangent backgrounds for the Eu’t and Eu’T peaks. The Eu?* peak shifts toward higher
energy, while the Eu’™ peak shifts toward lower energy with increasing pressure. The setallite
peak also shifts towards higher energy with reduced spectral intensity. The peak positions
determined by the fitting of Eu>* and Eu®* are 6974.8 eV and 6983.5 eV at 4 GPa and 6975.3
eV and 6983.3 eV at 40 GPa. The fittings of Eu L3 HERFD XAS spectra at 4 GPa and 40 GPa

are presented in Fig 3.6.
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Figure 3.6: Examples of the fitting Eu L3 HERFD XAS spectra at 4 GPa (a) and 40 GPa (b) to extract
Eu?" and Eu** components.

The mean Eu valence (v) obtained at ambient pressure is 2.13 - 0.02, and increases to 2.4 +
0.02 around 40 GPa. With increasing pressure up to 20 GPa, v linearly increases, and it shows
a tendency toward saturation at higher pressure as presented in Fig. 3.11.

More details about the pressure evolution of electronic structure and analysis by a full mul-
tiplet configuration interaction calculation based on the Single Impurity Anderson Model is
presented in Ref.[81].

3.1.3 EulrGe;

Pressure dependent XAS spectra of EulrGes were recorded by using powder sample. The XAS

experiments were performed with both HERFD and transmission methods at room temperature.
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Additionally, the pressure-dependent Eu L3z XAS spectra of EulrGez were recorded at 4 K.
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Figure 3.7: The Eu L3 XAS spectra of powder EulrGes as function of pressure. (a) HERFD XAS at 300
K, spectras are normalized on higher energy end after substracting constant background below the edge.
(b) Transmission XAS at 300 K, a glitch due to optics is visible at 6995 eV, (c) Transmission XAS at 4
K. (d) The mean Eu valence as function of pressure obtained from all three experiments.

The Eu Lz HERFD XAS spectra of EulrGes exhibit two prominent peaks at 6975 eV and
6985 eV corresponding to Eu>t and Eu’* components, respectively. With an increase in pres-
sure, the intensity of the Eu?t peak decreases, while that of Eu?t increases, similar to the
observations in EuRhGes. Energy shifts of the peaks with increasing pressure were also noted
as were observed in EuRhGes. The Eu”* peak shifts toward higher energy, while the Eu** peak
shifts toward lower energy with increasing pressure. The mean Eu valence (V) was obtained by
the fitting of the Eu L3 HERFD spectra using the same fitting procedure applied to EuCoGes
and EuRhGes. Examples of the Eu L3 HERFD XAS fitting (see Fig. 3.8 (a), (b)) and the ob-
tained v as function of pressure are presented in Fig. 3.7(d). The obtained v at 3 GPa is 2.13,
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Figure 3.8: The fittings of the Eu L3 XAS spectra of EulrGes at selected pressures in (a, b) HERFD XAS
at 300 K, (c, d) Transmission XAS at 300 K, and (e, f) Transmission XAS at 4 K.

with increasing pressure V increases to 2.45 around 48 GPa.
The Eu L3 XAS spectra of EulrGes in transmission mode at 300 K and 4 K exhibit peaks
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corresponding to Eu?" and Eu?* at 6976 eV and 6986 eV, respectively. However, the peak
widths of Eu?>* and Eu®T are larger than those observed in HERFD XAS spectra, due to a
deep 2p core hole in final state, as presented in Fig. 3.8. The background subtraction and data
normalization of the spectra were performed using the XAS data processing program Athena
[82]. A constant background was subtracted (-40 to -20 eV) below the absorption edge, and
normalization was performed (30 to 60 eV) above the edge. With increasing pressure, the
intensity of the Eu?>* peak decreases, while the intensity of the Eu>* peak increases. The mean
Eu valence was obtained using the same method as in HERFD XAS, as shown in Fig. 3.8 (¢),
(d), (e), and (f). The pressure evolution of v obtained in HERFD and transmission XAS at 4 K
and 300 K is presented in Fig. 3.7(d).
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Figure 3.9: (a) Unit cell of EulrGes;. Ge ions occupy the 2a and 4b Wyckoff positions. (b) Pressure
dependent Ge K XAS of EulrGes in transmission mode at 300 K. (c) Spectra fitting of Ge K XAS and
(d) spectral areas of the Ge 4b to Ge 2a peaks as a function of pressure.

The pressure dependent XAS spectra in transmission mode were also measured at Ge K and
Ir L3 edge of EulrGes up to 40 GPa. Within the unit cell of EulrGes, Ge atoms occupy Wyckoff
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3.1. X-ray absorption spectroscopy under pressure Chapter 3. Results

positions 2a with 4mm symmetry and 4b with 2mm symmetry, as presented in Fig. 3.9 (a). The
pressure dependent Ge K XAS spectra of EulrGes is presented in Fig. 3.9 (b). Following the
peak assignment in EuCoGes, the peaks at 11102 eV and 11108 eV corresponds to the signals
from Ge atoms in 4b and 2a positions, respectively. The Ge K edge spectras are fitted with two
Gaussian functions corresponding to the 4b and 2a peaks, and one step arctangent background.
A example of fitting at 2 GPa is presented in Fig. 3.9 (c). With an increase in pressure the
spectral intensity shift from the 4b peak to the 2a peak. The area of the Ge 4b peak decreases,

while that of Ge 2a peak increases with increasing pressure, as illustrated in Fig. 3.9 (d).
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Figure 3.10: Pressure dependent Ir L3 edge XAS spectra of EulrGes in transmission mode at 300 K.

The pressure dependent Ir L3 XAS spectra of EulrGes is presented in Fig. 3.10. The Ir
Lz XAS spectra show main peak at 11215 eV, which represents the excitation of Ir 2p core-
level electrons to the unoccupied states. The Ir L3 absorption edge tends to shift towards higher
energy with increasing pressure. A shift of 1 eV was observed, from 11215eV at2 GPato 11216
eV around 40 GPa. A similar shift in Ir L3 edge XAS as function of pressure was observed in
Iridium metal [83].

Unlike the pressure responses of EuCoGes, both Ge and Ir XAS spectra exhibit changes
along with the increase of mean Eu valence by increasing pressure. Those experimental facts
imply that the large pressure change of the Eu valence in EulrGes is influenced by the changes

in the Ge and Ir electronic states.
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3.2. X-ray diffraction under pressure Chapter 3. Results

3.1.4 Comparison of three compounds

At ambient pressure, all three compounds show the mean Eu valence close to v ~ 2.1, that are
consistent with the values obtained by hard x-ray photoemission spectroscopy in Ref. [84]. Fig-
ure 3.11 shows the mean Eu valence of three compounds as a function of pressure obtained by
HERFD XAS. The mean Eu valence continuously increases in all three compounds by applying

pressure. However, no pressure-induced first-order valence transition was observed in any of

them.
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Figure 3.11: Mean Eu valence as function of pressure for all three compounds at 300 K.

The mean Eu valence changes from v ~ 2.2 to 2.30 in EuCoGe3, ~ 2.40 in EuRhGe3 and
~ 2.43 in EulrGe; around 40 GPa. The rate of valence change (dv/dP) in EuCoGes is around
0.0023/GPa, 0.0065/GPa in EuRhGes, and 0.0069/GPa in EulrGes;. The different nature of
transition metal d orbitals, with 3d being localized and 5d being delocalized in Eu7 Ges (See
Appendix, B.0.1), could be a possible reason for the difference in pressure evolution of the

mean Eu valence.

3.2 X-ray diffraction under pressure

To correlate the pressure evolution of the electronic structure with crystal structure and inves-

tigate the possibility of pressure-induced structural transition, XRD under pressure was per-
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3.2. X-ray diffraction under pressure Chapter 3. Results

formed on EuCoGes, EuRhGes, and EulrGes. Rietveld refinement was performed to extract
the unit cell volume and crystal structure at various pressures and compared with the DFT
calculated structure. To understand the elastic properties of these crystals, EOS fitting was per-
formed. The pressure evolutions of crystal structures are compared among three compounds

with different transition metal constitutions.

Rietveld refinement

In the Rietveld method, least-squares refinements are performed until the best fit is achieved
between the observed powder diffraction pattern and the calculated pattern. This calculation is
based on simultaneously refined models for the crystal and/or magnetic structures, diffraction
optics effects, instrumental factors, and other specimen characteristics such as lattice parameters
that can be modeled. A key aspect of the method is the feedback loop between improving the
knowledge of the structure and the allocation of observed intensity to partially overlapping
individual Bragg reflections.

The Rietveld refinement was performed with Profex program [85]. The sequential refine-
ment method was employed due to the collection of highly dense XRD data, with some data

having pressure step of 0.1 GPa.

DFT calculated crystal structure

The pressure evolutions of the crystal structure of EuCoGes, EuRhGes, and EulrGes; were also
studied theoretically by using the Quantum ESPRESSO DFT package [86; 87]. In DFT calcu-
lations, pseudopotentials from pslibrary 1.0.0 [88] was used, with the Perdew Burke—Ernzerhof
exchange-correlation functional appropriate for solids [89; 90]. The kinetic energy cutoff for
wavefunctions was 150 Ry, while for the charge density and potential was 700 Ry. The Bril-
louin sampling was 16x16x8 (no offset), with the Marzari—Vanderbilt Fermi surface smearing
[91]. To take into account the antiferromagnetic ordering on Eu, the simplified formulation of
DFT+U proposed by Dudarev [92] was applied. The Hubbard interaction U for Eu was as-
sumed to be 3.8 eV to match the Eu 4f peak in the valence band spectrum by photoelectron
spectroscopy measurement [84]. This U value was kept constant for all pressure calculations.
The calculated density of state (DOS) of EuT'Ges at selected pressures is presented in Appendix
B.0.1. The DFT calculations were performed by Prof. Ivo Batistié.
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3.2. X-ray diffraction under pressure Chapter 3. Results

Equation of State fitting

In order to study the elastic properties of EuT' Ges, equation of state (EOS) fitting by using
EOSFit7c software [93] was performed. The 3¢ order Birch Murnaghan equation for EOS

fitting [59] shown below;
Vo 7/3 Vo 5/3 3 Vo 2/3
(7) -y 1+4_1(BO_4) v —1 . (3.2)

Here, B and B{, denote the bulk modulus at 0 GPa and its first pressure derivative, respec-
tively. The Vj is unit cell volume at 0 GPa. The DFT and XRD extracted Bulk modulus and its

first pressure derivative are presented in table 3.4 for all three compounds. The 3" order Birch

3By

Murnaghan EOS fitting was also compared with Vinet EOS and results are in good agreement,
(See Appendix C.0.1). The visual assessment of EOS fitting is also provided as F-f (Normal-

ized pressure F vs Eulerian strain f) plots and ellipse of confidence is also provided in Appendix
C.0.1.

Max

Pressure (GPa)

l Min

Figure 3.12: Contour map of synchrotron x-ray diffraction intensities collected in the pressure range 1-45
GPa, for EuCoGes (main phase), gold (standard material), and neon (pressure medium). The magenta
arrows (top) and the yellow arrows (bottom) of the contour map represent the main peak positions of
neon and gold respectively.
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3.2.1 EuCoGe;

Synchrotron powder XRD under pressure of EuCoGes; was performed up to 45 GPa. Pressure
evolution of XRD peaks is presented in contour diagram Fig 3.12. The pressure evolution of
Bragg peak positions indicates three different phases, EuCoGes (main phase), gold (standard
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Figure 3.13: Integrated synchrotron XRD patterns of EuCoGes with the results of refinement at (a) 1 GPa,
(b) 10 GPa, (c) 25 GPa, and (d) 45 GPa. The vertical bars indicate Bragg peak positions of EuCoGes
(green), gold (orange), and neon (magenta). Integrated synchrotron XRD patterns and refinement results
of EuRhGej at (e) 1 GPa, (f) 10 GPa, (g) 25 GPa, and (h) 35 GPa. The vertical bars indicate Bragg peak

positions of EuRhGes (green), gold (orange), and rhenium (magenta).

material), and neon as hydrostatic pressure medium. With increasing pressure, all Bragg peaks

are continuously shifting towards higher 20 angle, reflecting a compression of the unit cell.

Around 6 GPa, new diffraction peaks (indicated by magenta arrows) emerge due to solidification

of neon pressure medium [94]. No emergence or disappearance of Bragg peaks was observed

in EuCoGes that could be related to any symmetry change in the investigated pressure range.

The lattice parameters of each phase were extracted by Rietveld refinement. The integrated

diffraction peaks and refinement fitting at selected pressures are presented in Fig 3.13 (a-d). The
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3.2. X-ray diffraction under pressure Chapter 3. Results

extracted lattice parameters and refinement parameters at selected pressures are listed in table
3.1 with lattice parameters obtained by the DFT calculation.

The unit cell volume shows smooth contraction as a function of pressure without any struc-
tural transition, while the lattice parameter exhibits anisotropic compressibility. Fig 3.14 (a)
shows the unit cell volume as function of pressure with EOS fitting and DFT calculated unit
cell volume at selected pressures. Fig 3.14 (b) shows pressure evolutions of the normalized a, ¢
lattice parameters. The lattice parameter a exhibits greater change than ¢ with increasing pres-
sure. A similar behaviour was observed in DFT calculations, as presented in Appendix B.0.1.
The pressure evolution of the axial ratio (c/a) demonstrates a linear increase with increasing
pressure, with a rate of 0.002 GPa~! up to 21 GPa and 0.001 GPa~! in the higher pressure
range, as presented in Fig 3.15.

The change in slope of the axial ratio at 21 GPa originates from a change in the compress-
ibility of the c-axis, as can be observed in Fig. 3.14 (b). Linear EOS fitting was performed to
investigate the linear moduli (axial compressibility). The linear EOS fitting revealed that, when
P>21 GPa was applied, the linear modulus My of the c-axis increases considerably, making the
c-axis less compressible and resulting in a change of slope in c/a. The observed linear modulus
along c-axis, initially 287 GPa (P<21), changes to 311.2 GPa (P>21 GPa).
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Figure 3.14: (a) XRD and DFT calculated unit cell volume of EuCoGes as a function of pressure and
the result of 3" order BM EOS Fit. (b) Normalized a, ¢ lattice parameters of EuCoGes as a function of
pressure. The ap and cq values correspond to the obtained lattice parameters of the lowest pressure.
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Table 3.1: Top: Experimental lattice parameters, unit cell volume, and refinement parameters of
EuCoGejs at selected pressures. Where Ry p is the weighted profile R factor, R,y is the expected R
factor and GOF is the goodness of fitting. Bottom: Lattice prameters and unit cell volume obtained by
DFT calculation at various pressures.

Pressure 1 GPa 10 GPa 25 GPa 45 GPa
Lattice parameters and volume
a (A) 4.308 (4) 4.164 (2) 4.019 (6) 3.901 (1)
¢ (A) 9.867 (1) 9.606 (9) 9.379 (2) 9.167 (1)
\" (A3) 183.156(1) 166.573(1) 151.541(4) 139.472(9)
Refinement parameters
Rwp 17.84 16.12 17.69 21.16
Rexp 21.87 19.74 20.68 22.04
x> 0.674 0.6669 0.7317 0.9231
GOF 0.821 0.8166 0.8554 0.9601
Pressure 0 GPa 10 GPa 30 GPa 40 GPa
Lattice parameters and volume
a (A) 4.269 4.1424 3.9804 3.9214
c (A) 9.8136 9.5746 9.2821 9.1776
\" (A3) 178.8465 164.2951 147.0617 141.1274
2.36 _4.7' c/a T T T T T T T (a)l
linear fit 0 to 21 GPa
2351 linear fit 21 to 45 GPa
234 | L
s c/a=2.288+0.002P | _
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Figure 3.15: The axial ratio of EuCoGejs as function of pressure. The change of the slope was observed

around 21 GPa indicated with an arrow.

3.2.2 EuRhGe;

Synchrotron powder XRD under pressure of EuRhGes was performed up to 35 GPa using he-

lium as the pressure-transmitting medium. The contour map of diffraction intensities is pre-
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sented in Fig 3.16. The pressure evolution of Bragg peak positions indicated two different
phases, EuRhGes and gold. New peaks that appear above 25 GPa in the contour map (indicated
by black arrows) were identified as rhenium from the gasket. Synchrotron XRD under pressure
with neon transmission medium was also performed (see Appendix, C.0.1).

The lattice parameters of EuRhGes and gold were extracted from Rietveld refinement. The
integrated diffraction peaks and refinement fitting at selected pressures are presented in Fig
3.13 (e-h). The extracted lattice parameters and refinement parameters are listed in table 3.2

with lattice parameters obtained by the DFT calculation.
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Figure 3.16: Contour map of synchrotron x-ray diffraction intensities in the pressure range from 1 to 35
GPa. The pressure evolution of Bragg peak positions contains EuRhGes (main phase), gold (standard
material), and rhenium (gasket) which appears above 25 GPa.The black arrows (top) and yellow arrows

(bottom) of the contour map represent the main peak positions of rhenium and gold respectively.

Similar to EuCoGes, the unit cell volume of EuRhGes exhibits a smooth contraction with
increasing pressure without any structural transition up to 35 GPa, (See Fig. 3.17). The
anisotropic compressibility along a and c lattice parameter is also observed in EuRhGes. Figure
3.18 shows the pressure evolution of axial ratio (c/a). A change of slope can be seen around 13
GPa as indicated with an arrow. In the region P< 13 GPa the value of the ¢/a linearly increases
with pressure with a rate of 0.003 GPa~!, then the rate decreases to 0.001 GPa~! in the region
P> 13 GPa. This change in the ¢/a increase rate is ascribed to a change in compressibility along
the a- and c-axis. The linear modulus of the c-axis increases considerably in the region P> 13
GPa, which makes the c-axis less compressible and changes the slope of ¢/a. The observed
linear modulus along c-axis, initially 181.6 GPa (P<13), changes to 302.8 GPa (P>13 GPa).
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Figure 3.17: (a) EuRhGes unit cell volume as function of pressure with 3" order BM EOS Fit. DFT
calculated unit valume and EOS Fit is also presented. (b) Normalized a, c lattice parameters of EuRhGes

as a function of pressure.

Table 3.2: Top: Experimental lattice parameters, unit cell volume, and refinement parameters of
EuRhGej at selected pressures. Bottom: Lattice prameters and unit cell volume obtained by DFT calcu-

lation at various pressures.

Pressure 1 GPa 10GPa  25GPa  35GPa
Lattice parameters and volume
a(A) 4389 (1) 4.2494) 4.103(2) 4.04(1)
¢ (A) 10.035(3) 9.821(9) 9.567 (6) 9.45(2)
V (A3 19331 (8) 177.3(3) 161.1 (1) 154.2(8)
Refinement parameters
Rwp 9.47 10.39 9.8 9.21
Rexp 10.11 9.55 9.98 10.52
x> 0.88 1.17 0.96 0.77
GOF 0.95 1.06 0.98 0.88
Pressure 0 GPa 10GPa  30GPa 40 GPa
Lattice parameters and volume
a (A) 4.3889 4.2547 4.0774 4.0104
c(A) 10.0478 9.8246 9.5731 9.4950
V (A% 193.5451 177.8495 159.154 152.711
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Figure 3.18: Pressure dependence of the axial ratio (c/a) of EuRhGes. Straight lines emphasize linear
behavior. To emphasize the change of slope, the linear fit of the low perssure region is extended into the

high pressure region.

3.2.3 EulrGe;

Synchrotron powder XRD under pressure of EulrGes was performed up to 40 GPa. Figure 3.19
presents the contour map of diffraction intensities in the pressure range from 0.5 to 34 GPa.
The pressure evolution of Bragg peak positions indicates three different phases, EulrGes (main
phase), gold (standard material), and neon (pressure transmitting medium). New peaks appear
above 28 GPa in contour map (indicated by black arrows) were identified as rhenium from the
gasket.

Rietveld refinement was performed, and fitting for the diffractogram at various pressures is
presented in Fig 3.20. The extracted lattice parameters and refinement parameters are listed in
table 3.3 with the lattice parameters obtained by the DFT calculation. Since the goodness-of-
fit (GOF) values from the Rietveld refinement turned out to be considerably high, the lattice
parameters were also confirmed by LeBail method.

The unit cell volume of EulrGes also exhibit a smooth contraction by applying pressure. An
anistropic compressibility between a and c-axis was observed in EulrGes as well, presented in
Fig 3.21. The pressure evolution of axial ratio (c/a) shows a change of slope around 22 GPa. In
the region P< 22 GPa the value of the c¢/a linearly increases with pressure with a rate of 0.002
GPa~!, then the rate decreases to 0.0015 GPa~! in the region P> 22 GPa. The linear EOS
fitting was also performed on EulrGes, which provides linear modulus My = 358.8 GPa (P<
22 GPa), and Mg = 421.53 GPa (P> 22 GPa). The linear modulus My of the c-axis increases
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Figure 3.19: Contour map of synchrotron X-ray diffraction intensities in the pressure range of 0.5-34

GPa. The pressure evolution of Bragg peak positions contains EulrGe; (main phase), gold (standard

material), neon (pressure-transmitting medium), and rhenium (gasket). The black arrows (top) represent

rhenium, which appears around 30 GPa. The magenta arrow (top) represents neon as the pressure-

transmitting medium, and the yellow arrows (bottom) represent gold Bragg peaks.

Table 3.3: Top: Experimental lattice parameters, unit cell volume, and refinement parameters of EulrGes

at selected pressures. Bottom: Lattice prameters and unit cell volume obtained by DFT calculation at

various pressures.

Pressure 1 GPa

10 GPa

25 GPa

32 GPa

Lattice parameters and volume

a (A) 44278 (18) 4.2802 (10) 4.1328 (12) 4.0788 (14)

c (A) 10.0441 (4) 9.8024 (16) 9.5843 (11) 9.5039 (12)
V (A%) 196.9187 179.58 (1)  163.71 (2) 158.12 (6)

Refinement parameters
Rwp 38.10 48.22 46 44.1
Rexp 15.98 9.85 10.27 10.52
x> 5.83 23.9 21.11 24

GOF 242 4.9 4.8 5.2

Pressure 0 GPa 10 GPa 30 GPa 40 GPa
Lattice parameters and volume

a (A) 4.4142 4.2826 4.1078 4.0414

c (A) 10.039 9.8332 9.599 9.5258
V (A%) 195.61153 180.347405 161.97372  155.58407
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Figure 3.20: Integrated synchrotron XRD patterns of EulrGes with the results of Rietveld refinement at
(a) 1 GPa, (b) 10 GPa, (c) 25 GPa, and (d) 32 GPa. The vertical bars indicate Bragg peak positions of
EulrGes (green), gold (orange), neon (magenta) and rhenium (black). Some unindexed peaks are also

visible in diffractogram shown with *.

considerably, making the c-axis less compressible and resulting in a change of slope in c/a.

A few peaks were observed in diffractogram around 32 GPa, which does not belong to
sample, gold, neon nor rhenium (gasket). To investigate the origin of these peaks, single crystal
XRD under pressure was performed at CRISTAL beamline at SOLEIL synchrotron. The unit
cell volume at different pressure extracted by crysAlis pro is presented in Fig 3.21(a). The
observed lattice parameters as function of pressure are presented in Appendix C.2. The obtained
lattice parameters and volume from single crystal XRD are consistent with the powder XRD
data. The obtained structure at 40 GPa slightly deviates from tetragonal symmetry, though due
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Figure 3.21: (a) Powder XRD, Single crystal XRD and DFT calculated unit cell volume of EulrGes as
function of pressure. 3"¢ order BM EOS fitting for powder XRD data is also provided. (b) Anisotropy
along a and c- axis as function of pressure.

to the limited numbers of observed diffraction spots, it was not possible to determine the space

group.

3.2.4 Comparison of XRD under pressure

X-ray diffraction (XRD) under pressure was conducted using a stainless steel gasket for EuCoGes
and rhenium gaskets for EuRhGes and EulrGes. All three compounds showed smooth contrac-
tion of unit cell volume without any structural change within the investigated pressure range.
Bulk modulus (By) and its pressure derivative By, of each compound were extracted by the EOS
fitting of the pressure dependent unit cell volume. The extracted bulk modulus of Eu7'Gejs is in
good agreement with isostructural EuNiGes [95]. The Bg and B6 are summarized in table 3.4
with those obtained by the DFT calculation.

An anisotropic compressibility between a and c lattice parameters is presented in Fig. 3.22.
A similar behaviours were observed in the DFT calculated crystal structures of Eu7TGes, as
presented in Appendix B.0.1. The a lattice parameter is more compressed than that of ¢, which
is opposite to the pressure response of centrosymmetric Eu-compounds with the ThCr;Si-type
(I4/mmm) structure. In the ThCr;Sip-type structure, c-axis is more compressible than a-axis
and pressure induced isostructural phase transition from tetragonal to the so-called collapsed
tetragonal phase is observed in EuCosAs; [38] and EuCo,P; [40].

The pressure evolution of c/a shows linear increase with increasing pressure and exhibits a

slope change at certain pressure in all three compounds. The change of slope was observed at
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Table 3.4: The unit cell volumes, bulk modulus, and it’s first pressure derivative of EuT Ges series and
those obtained by the DFT calculations. The values of EuNiGes are taken from Ref. [95].

Compound Unit cell volume (Vg) Bulk modulus (By)  Bj,

EuCoGe; (XRD) 184.39 (A3) 75.6 5.58
EuCoGe; (DFT) 178.84 (A3) 98.9 4.16
EuRhGes (XRD) 196.50 (A3) 73 5.4
EuRhGe; (DFT) 193.54 (A3) 97.43 4.61
EulrGe; (XRD) 197.90 (A3) 101.42 3.8
EulrGes (DFT) 195.61 (A3) 103.13 4.27
EuNiGe; (XRD) 185.7 (A3) 79 8.8

21 GPa, 13 GPa and 22 GPa in EuCoGe3, EuRhGes, and EulrGes, respectively. The c/a slope
change of all compounds are presented in Fig. 3.22. The two different colors represent two
different pressure regions, where magenta represents the pressure range below the slope change,
while green represents the higher pressure range than the slope change. The slope change in the
axial ratio became evident due to its smaller scale compared to the change in lattice parameters.
To investigate the reason behind the axial ratio deviation from linearity, linear EOS fitting was
performed for all three compounds, below and above the kink pressure. The linear EOS fitting
revealed that the c-axis linear modulus changes drastically at the kink pressure, making the c-
axis less compressible and altering the slope of c/a evolution as a function of pressure. The

change in linear modulus values for the compounds is presented in the respective sections.

3.3 Electric resisitivity under pressure of EulrGe;

Pressure-induced superconductivities have been reported among ternary Ce-compounds that
are isostructural to the EuT Ges series. For example, the antiferromagnetic Ce7T X3, in which
pressure induced superconductivity was observed in CeCoGes with critical pressure T, - 0.64
Kat P > 4.3 GPa [96], in CelrGe3 T, - 1.5 K at P > 20 GPa [21], and CelrSi3 T, - 1.6 K at P
> 1.8 GPa [20]. Although the emergence of pressure-induced superconductivity has not been
reported in the Eu7'X3 series so far, an atypical pressure response was observed in EuRhSi3
[29], utilizing electric resistivity measurements under pressure up to 15 GPa. EuRhSi3 exhibits
antiferromagnetic ground state with magnetic ordering temperature Ty = 49 K. With increasing
pressure, the Ty increases linearly up to 5 GPa. Upon applying higher pressure than 5 GPa, the
Ty starts to decrease smoothly. This behavior shows a similar P-T phase diagram as observed
in CeT X3 compounds.

As mentioned in introduction section, the pressure dependent electric resistivity measure-
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Figure 3.22: Relative pressure variations of the lattice parameters of EuCoGes (a), EuRhGes (c), and
EulrGes (e) with respect to the values at the lowest experimental pressure. Pressure dependence of the
axial ratio of EuCoGejs (b), EuRhGejs (d), and EulrGes (f). Straight lines emphasize linear behavior. To
emphasize the change of slope, the linear fit of the low perssure region is extended into the high pressure

region in few cases.
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Figure 3.23: (a): Temperature dependent electric resistivity curve of EulrGes measured by four probe
method at ambient pressure. The inset shows a single crystal of EulrGes; with electric contacts. (b):
Magnified view of the resistivity curve at low temperatures. The magnetic transition temperatures Ty
and Ty, which can be extracted from first or second order of temperature derivative of resistivity. (c):
First order derivative of temperature dependent resistivity curve which was used to determine Ty and
Tnr.

ments were also performed in Eu7 Ges series to explore the pressure-induced superconductivity.
The electric resistivity under pressure was measured up to 8 GPa [44]. However, no pressure in-
duced superconductivity was observed in EuT Ges (T = Co, Rh and Ir) within the pressure range.
Only a monotonous increase of Ty as function of pressure was observed in EuCoGe3z, EuRhGe3
and EulrGes with increase rate dTn/dP = 1.0, 2.0, and 2.2 K/GPa, respectively. Similar results
were obtained from pressure-dependent ac calorimetry in EuCoGe3 up to 10.4 GPa, which addi-
tionally indicated a pressure-driven moderate effective mass enhancement [50]. Hence, pressure
higher than 10 GPa was necessary to study whether the phase diagram of Eu7 Ges exhibits a
conventional type or the Doniach-type like EuRhSi3, as presented in Fig.1.4.

Figure 3.23 presents the temperature dependent electrical resistivity curve in the single crys-
tal of EulrGes at ambient pressure. The resistivity curve shows metallic behaviour with kinks
at magnetic ordering temperatures Ty at 12.3 K and successive magnetic transition and Ty at
7.5 K. The temperature behaviour of resistivity curve and obtained magnetic transition temper-
atures were consistent with the reported result in Ref [51]. Small pieces of single crystals for

electric resistivity measurements under pressure were cut out from the same sample.
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Figure 3.24: Temperature dependent electric resistivity of EulrGes under pressure. (a): Exp. 1 (b): Exp.
2, (c): Exp. 3, and (d): Resistivity at 300 K of three samples as function of pressure.

Electric resistivity of EulrGe; was measured up to 15 GPa utilizing a DAC. Electric resis-
tivity under pressure was performed up to 10 GPa in experiment 1 (Exp. 1). The temperature-
dependent electric resistivity curves at selected pressures are presented in Fig. 3.24 (a). Exper-
iments 2 and 3 were conducted up to 15 GPa, and selected curves are presented in Fig. 3.24 (b,
¢). The resistivity curves of the experiments 1 and 2 show similar pressure behavior, while ex-
periment 3 shows an increase of the residual resistivity (pg) with increasing pressure and tends
to have larger increase of resistivity with pressure in whole temperature range compared with
exp.1l, exp.2. The measurement conditions in all three experiments were kept similar. The in-
crease of pg as a function of pressure reflects an increase in static defects, which may originate
from inhomogeneous valence fluctuations under pressure.

The electric resistivity as function of pressure at 300 K are presented in Fig. 3.24 (d). With
increasing pressure, resistivity shows almost no change till 6 GPa, reproducing the reported
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Figure 3.25: (a): First order derivative of resistivity curve of EulrGes (Exp. 3) at different pressures.
Magnetic ordering temperature Ty and Ty are extracted from resistivity derivative, presented by arrows
at ambient pressure curve. (b): Pressure evolution of magnetic ordering temperatures Ty and Ty of
EulrGes compared with the reported values in Ref. [44].

electric resistivity as a function of pressure [44]. When pressure higher than 6 GPa was applied,
the electric resistivity starts to increase. Between experiments 2 and 3, the resistivity starts to
deviate from each other around 15 GPa. A similar increase in resistivity under pressure at 300
K was observed in isostructural EuRhSi3 [29]. The increases of the resistivity at low temper-
atures and the Ty are proposed to be related with the enhancement of the RKKY interaction
with increasing pressure [44]. Note that the temperature-dependent resistivity curves were only
measured at selected pressure, while the resistivity change at 300 K with pressure were recorded
at various pressure points.

The pressure evolution of Ty and Ty is in good agreement with earlier studies [44]. The
different residual resistivities at low temperatures were observed in experiment 2 and 3, while
Tn and Ty values are same for all three experiments at respective pressure. The observed Ty
increases linearly as function of pressure with dTn/dP = 2.25 + 0.04 K/GPa. The successive
transition temperature (Ty) also increases linearly as function of pressure with rate dTy/dP
= 1.39 + 0.06 K/GPa. A similar monotonous increase of Ty as function of pressure and rate
dTn/dP = 1.8 K/GPa was observed in EuNiGes [49].
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Chapter 4

Thesis summary and outlook

4.1 Summary of this Thesis

The pressure evolution of electronic and crystal structures and pressure-temperature (P-T) phase
diagrams of Eu7' Ges (T= Co, Rh and Ir) with the BaNiSn3-type structure were studied by us-
ing complimentary experimental techniques in this thesis. HERFD XAS was utilized to study
the pressure evolution of the electronic structure, and powder/single-crystal XRD was used to
observe the crystal structural changes as a function of pressure. The temperature dependent
electrical resistivity of EulrGe; were measured under pressure. The results from each mea-
surement are briefly summarized in this chapter. By combining the results from three different

experimental methods, the P-T phase diagram of EulrGes is proposed.

4.1.1 Pressure evolution of the electronic structure

Pressure dependent HERFD XAS spectra of EuCoGes were measured at the Eu L3, Co K, and
Ge K edges. The Eu L3 spectra exhibited the dominant Eu?>* contribution at the lowest pressure,
and a spectral intensity transfer from Eu>* to Eu** was observed with increasing pressure. The
obtained pressure evolution of the mean Eu valence in EuCoGes changes from 2.20+0.02 at 4
GPa to 2.31£0.02 at 50 GPa. No spectral changes were observed at the Co K and Ge K edges,
suggesting that the pressure evolution of Eu valence involves intra-atomic charge transfer from
Eu 4f to Eu 5d, but no contribution from Ge and Co ions.

The pressure-dependent Eu L3 spectra of EuRhGe3 showed similar pressure response as
EuCoGes. However, the spectral change is larger than EuCoGes. The obtained mean Eu valence
varies from 2.134-0.02 at ambient pressure to 2.4010.02 around 40 GPa.

The Eu Lz HERFD XAS spectra of EulrGes showed a similar pressure response as EuRhGes.
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The obtained mean Eu valence changes from 2.1240.02 at ambient pressure to 2.45+0.02
around 45 GPa. The pressure dependence of Eu L3 XAS spectrum was also measured in trans-
mission mode at 300 and 4 K. The observed spectra at both temperatures showed the similar
pressure change as HERFD XAS spectra. The Ir L3 spectra showed energy shift towards higher
energy with increasing pressure. The Ge K spectra showed the shift of spectral intensity from
low to high energy peaks derived from Ge ions at 4b and 2a Wyckoff positions respectively with
increasing pressure.

The pressure evolutions of the obtained mean Eu valences in three compounds are summa-
rized in Fig. 4.1. The mean Eu valence showed the smallest change in EuCoGes and the largest
change in EulrGes. The results indicate that different pressure responses of the Eu valence
among three compounds are originating from different natures among 3d (localized), 4d and 5d

(less localized) transition metal orbitals.
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Figure 4.1: Mean Eu valence as function of pressure of EuCoGes, EuRhGes and EulrGes. Shaded region
is showing the coexisting intermediate valence and antiferromagnetism.

4.1.2 Pressure evolution of crystal structure

All three compounds show a smooth contraction of unit cell volume, preserving crystal sym-
metry up to 40 GPa. Anisotropic compression between the a and c lattice parameters was
observed, where the a lattice parameter showed a larger change compared with the c lattice

parameter. This pressure behaviour is in contrast to that of centrosymmetric Eul22-systems. In
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general, the c lattice parameter is more compressed than the a lattice parameter under pressure
and in some cases a structural transition to the collapse tetragonal phase occurs. The axial ratio
(c/a) increases linearly as a function of pressure in the Eu7' Ges series. A change in the slope of
the axial ratio was observed around 21 GPa, 13 GPa, and 22 GPa in EuCoGes, EuRhGe3, and
EulrGes, respectively, as presented in Fig. 4.2 (a).
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Figure 4.2: (a) Unit cell volume as function of pressure for all three compounds with respective EOS
fitting. (b) The axial ratio (c/a) for EuT Ges, showing the kink at 21 GPa, 13 GPa and 22 GPa in EuCoGes,
EuRhGe; and EulrGes respectively. The linear fit are presented for EuRhGes.

The Eu valence as a function of pressure shows a change in slope around 9 GPa in EuCoGe3
and 25 GPa in EuRhGej3, while no change in unit cell volume was observed at these pressures.
Hence, no direct correlation between unit cell volume and Eu valence was found in the non-
centrosymmetric EuT' Ges series, contrasting with the behavior observed in the Eu7;X, type

centrosymmetric system.

4.1.3 Electric resistivity under pressure

Pressure-induced superconductivities have been reported among ternary Ce-compounds that
are isostructural to the EuT Ges series, such as CeCoGes and CelrGes. To investigate pressure-
induced superconductivity and the pressure-temperature phase diagram, electric resistivity mea-
surements of EulrGes were performed under pressure up to 15 GPa. No pressure-induced su-
perconductivity was observed in EulrGes within the pressure and temperature ranges of the

experiments. The pressure change of Ty and Ty showed good agreement with earlier studies
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[44]. The resistivity at 300 K exhibited negligible change up to 6 GPa, while upon increas-
ing pressure beyond 6 GPa, electric resistivity started to increase, this phenomenon was also
observed in a few isostructural compounds. This behavior was proposed due to increasing c-f

hybridization or increasing RKKY interaction as function of pressure.
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Figure 4.3: Pressure-Temperature phase diagram of EulrGes.

The magnetic ordering temperatures (Ty and Tyy) increases monotonically as function of

pressure. The proposed P-T phase diagram of EulrGes up to 15 GPa is presented in Fig 4.3.
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Appendix A

Hydrostatic or quasi-hydrostatic pressure

In order to specify the meanings of mean pressure, deviatoric stress tensor, hydrostatic pressure,
and uniaxial pressure, one refers to the time independent stress tensor [0;; |. The component of

the stress tensor is written as;

611 O12 O13
6= (021 O22 023
G631 032 0633.

The subscripts ij refer to the axes of an orthogonal three-dimensional coordinate system of
arbitrary or symmetry-adopted orientation. The scalar components G;; represent the magnitude
of the internal forces per unit area. The first index refers to the direction of stress acting on a
plane (normal or tangential) and the second index refers to the direction of the normal of the
plane on which the stress acts [55].

Mean pressure defines as the negative of average of three diagonal stress tensors:

P(r):—%[611(1’)+622(r)+(533(r)]. (A.1)

Deviatoric stress tensor is defined as anisotropic forces within a sample. All other stresses,

i.e. the shear stresses, are given by the zero-trace stress tensor [T;;]:

‘Cl‘j(l”) = Gl'j(l’) — Sl'jP(l’). (AZ)

Hydrostatic pressure is characterized by isotropic normal stresses and zero deviatoric stresses,

formally written as
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—P(r) =011 =0oxn(r) =033(r)

A3
’C,'j(l’) =0. ( )

These equations provides a point in space with hydrostaticity. All other conditions can
be considered as inhomogeneous stress (non-hydrostaticity). One more commonly occuring
term is quasi-hydrostatic, the complete meaning of quasi-hydrostatic stress cannot be specified

qualitatively and quantitatively. The term may also refer to a transient state of deviatoric or
inhomogeneous stress.

A.0.1 Ruby fluorescence spectra fitting

Ruby fluorescence pressure calibration method uses the two distinguished R1 and R2 peaks.
However, when the pressure departs from hydrostaticity in the sample space, the peak widths
of the R1 and R2 lines increase, and both lines become inseparable.
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Figure A.1: Ruby fluorescence spectra at 14 GPa. (a) hydrostatic pressure. (b) quasi or non-hydrostatic
pressure.

Figure A.1 presents the fluorescence spectra at 14 GPa, visualizing the difference between
hydrostatic and non-hydrostatic cases. To determine the peak shifts for pressure calibration, the
fluorescence spectra are fitted using three different functions Gaussian, Lorentzian, and Vogit.
In case of hydrostatic pressure, the fitting with three different functions provides similar results.

While non-hydrostatic case, the results of fittings show some deviation. The results of three
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different fitting are presented in Fig. A.2 and the obtained values from the fitting are presented
in table A.1.

Table A.1: Various peak fittings and corresponding pressure for quasi or non-hydrostatic case. Pressure
is calculated by using equation 2.1.

Fitting Type R1 Peak Position R1 FWHM R2 Peak Position R2FWHM  Pressure

Gaussian 699.557 nm 2.266 697.626 nm 1.624 14.263 GPa
Lorentzian 699.593 nm 2.048 697.932 nm 1.541 14.367 GPa
Voigt 699.594 nm 2.103 697.885 nm 1.517 14.372 GPa
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Figure A.2: (a) Ruby fluorescence spectrum under quasi hydrostatic pressure at 14 GPa. The R1 and R2
peaks fitted by using (b) Gaussian functions, (c) Lorentzian functions, and (d) Voigt functions.
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DFT calculations and technical details of

pressure cell

B.0.1 DFT calculation

The pressure evolutions of the crystal structure of EuCoGes, EuRhGes, and EulrGes; were also
studied theoretically by using the Quantum ESPRESSO DFT package [86; 87]. More details
about DFT calculations is presented in chapter 3. Figure B.1 illustates the density of states
(DOS) calculated of EuT' Ges by DFT + U (U = 3.8 eV) are presented for few selected pressures.

The total DOS at 0 GPa has a quasi-gap like low-DOS region located ~ 1.5 eV above
Er, though it completely disappears at 50 GPa. DFT calculated unit cell volumes are in good
agreement with the XRD extracted volumes as function of pressure, as presented in respective
sections in chapter 3. The calculated crystal structures also show anisotropic compressibility
along a and c-axis similar as observed in XRD. The a-axis exhibits larger compressibility than

c-axis. Figure B.2 shows the anisotropic compressibility along a and c-axis.

B.0.2 Technical details of pressure cell

Here, a few technical details of high pressure cell which were not explained in the main text
are presented. The section contains the general introduction of piston-cylinder cell, and gasket
strength testing.

Piston-cylinder cell

The working principle of the piston-cylinder cell involves applying pressure to the sample by

moving the piston within the cylinder. The cell typically consists of a metal cylinder made of
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Figure B.1: DOS at ambient pressure (left) and highest pressure (right). (Top) EuCoGes, (Middle)
EuRhGej; and (Bottom) EulrGes.

NiCrAl alloy/stainless steel, piston is usually made of tungsten carbide, which can withstand
the high pressures involved. Piston-cylinder cell have advantange over DAC for bigger sample
space, while pressure range is limited up to 3 GPa. The accessibility of the sample space and
the capability to measure multiple samples are among the biggest advantages. Its flexibility, and
compatibility with various measurement techniques make it a valuable apparatus for studying
phase transitions, electronic properties, and magnetic behavior. Figure B.3 presents the images

of assembled piston-cylinder cell with its cross-section view and sample loading mechanism.

66



Appendix B. DFT calculations and technical details of pressure cell

ala, cfc,
1 1
ajag, C/cy

—e—clc,

10 2 30 40
P (GPa)

0 10 2 3 40
P (GPa)

Figure B.2: Relative pressure variation of the DFT calculated lattice parameters of (a) EuCoGes, (b)
EuRhGej3, and (c) EulrGes.
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Figure B.3: (a) Assembled Piston cylinder cell in hydraulic press. (b) Illustration of the cross section
of a piston-cylinder-type NiCrAl pressure cell, Taken from [97]. (¢) Sample connected with the outer
connections, sample is glued to ceramic bases. (d) Samples are loaded inside a 20 mm long and 5 mm

diameter teflon tube.

Gasket strength testing

When pressure is applied to the gasket enclosed within the DAC, the gasket material undergoes
plastic deformation due to the high compressive forces. This deformation can lead to the for-
mation of indentations or impressions on the surface of the gasket. The pre-indentation of the
gasket by the diamond anvils plays a significant role in ensuring the stability and reliability of

pressure experiments, while also offering insights into the load-bearing characteristics of the
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Figure B.4: V56004 Stainless steel gasket strength testing. No diamond indentation was observed till

300 Kg load, around 500 Kg gasket started to show indentation. Upon applying load higher than 600Kg

gasket started to deform and indentation was observed.

Table B.1: Various gasket materials and their indentation thickness dependence on loads and diamond

culet size.
1.1 mm culet 0.9 mm culet
Gasket Material Load  Initial t (t;) Indented (ty) Indented (ty)
V56004 - Stainless steel 300 kg 250 ym 250 ym
400 kg 250 um 248 um
500 kg 250 um 222 um
600 kg 250 um 157 um
700 kg 250 ym 132 um
800 kg 250 um 110 um
900 kg 250 um 95 um
1000 kg 250 um 91 um
MP35N - Stainless steel 500 kg 200um 109 um
550 kg 200um 80 um
600 kg 200um 70 um
800 kg 200um 85 um
850 kg 200um 78 um
900 kg 200um 70 um
Inconel 800 kg 300um 121 ym 66 um
850 kg 300um 115 um
900 kg 300um 103um
550 kg 300um 72um
600 kg 300um 68um
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gasket material.

As discussed in chapter 2, gaskets made of various materials (stainless steel, inox, inconel)
were tested to achieve reliable pressure for electric resistivity measurement. Table B.1 presents
the indented gasket thickness at various loads of MP35N, V56004 stainless steel and inconel.
The indentation of gasket made of stainless steel (V56004) at various load with 1.1 mm diameter
diamond culet is presented in Fig. B.4. When diamonds with smaller culet size were used
the indentation, the required load considerably dropped and final indented thickness of gasket

reduced.
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Appendix C

Additional X-ray diffraction results

A few additional topics of XRD experiments under pressure. The preliminary XRD under pres-
sure of EuRhGe3 was performed by using laboratory x-ray source. A comparison between lab
XRD and synchrotron XRD data is presented. The neon PTM crystalizes around 6 GPa at room
temperature, and Bragg reflections from solidified neon are also observed in XRD patterns.
The EOS fitting was performed on neon. The quality of EOS fitting and visual assesment of
EuCoGes is also presented. This section also covers powder XRD data processing using Diop-
tas program, and extracted lattice constants from single crystal XRD experiment under pressure
of EulrGe;.

C.0.1 Synchrotron vs lab XRD under pressure

A direct comparison between synchrotron and lab XRD under high pressures is not entirely
equitable. Synchrotron offer advantages over laboratory XRD setups, including tunable, in-
tense, and collimated X-ray beams. This comparison underscores the necessity of synchrotron
experiments for high-pressure studies. As depicted in Fig. C.1, synchrotrons yield superior
data quality, with more distinct diffraction peaks and better resolution compared to laboratory
XRD instruments. The XRD peaks are at different angles due to different wavelengths used in
the experiments, lab XRD (0.7107 A) and synchrotron (0.3738 A). The signal-to-noise ratio is
better in Synchrotron XRD data in comparison to lab XRD data, which plays an important role

in extracting the atomic coordinates from XRD.

C.0.2 EOS fitting of pressure transmitting medium neon

Figure C.2 (a) presents the pressure dependent unit cell volume of neon obtained during the

XRD experiment of EuCoGes under pressure compared with data from Ref. [94] and Ref. [98].
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Figure C.1: Comparison of laboratory and synchrotron XRD data of EuRhGes at low and high pressures.

The result of fitting analysis by using 3" order BM EOS is presented in Fig. C.2(b). The unit
cell volume at 0 GPa V;; = 88.967 A3 from Ref. [98] was used, and obtained bulk modulus and
its pressure derivative By = 1.15+ 0.06 GPa, Bj, = 9.0+ 0.3 are in good agreement with the

earlier studies [94].
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Figure C.2: (a) Pressure dependent unit cell volume of neon obtained from XRD experiment compared

with data in Ref. [94] and [98]. (b) Pressure dependent unit cell volume of neon and the result of 3" d
order BM EOS fitting with Vy = 88.967 A3 [98].
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C.0.3 Different EOS fitting and quality of EOS Fit

The most commonly used EOS fittings are BM and Vinet EOS. A comparison between 3™

order BM and Vinet EOS fitting of EuT'Ge3 and extracted By and its pressure derivative By, are

presented in table C.1.

Table C.1: Comparison between different EOS fitting methods for EuT Ges unit cell volume.

Compound EOS Method Unit cell volume (Vo) Bulk modulus (Bg) B6

EuCoGes BM 184.39 (A%) 75.6 5.58
Vinet 184.39 (A3) 74.5 5.87
EuRhGe; BM 196.5 (A3) 73 5.4
Vinet 196.5 (A%) 72.3 5.7
EulrGes BM 197.9 (A3) 101.42 3.79
Vinet 197.9 (A3) 100.86 3.93

Figure C.3 (a) presents the F-f plot (Normalized pressure F vs Eulerian strain f) for 3¢ order
BM EOS fitting of EuCoGes. Here Eulerian strain (f) and normalized pressure (F) are defined

as;
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Figure C.3: Visual quality assessment of EOS fitting. (a) Normalized pressure F vs Eulerian strain f plot
of EuCoGes. The red line presents the linear fit by using F = By + [3Bg (B(’) -Hf]/2. (b) The confidence
ellipse between By and By,. Confidence ellipse is presented for 99.73 percent confidence level.
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C.0.4 Powder XRD data processing

As mentioned in chapter 2, the powder XRD data integration was done by using Dioptas [72].
The data were collected as image files, which require image reduction/integration process to
extract structural information from the measured XRD patterns. Dioptas is a Python-based pro-
gram for on-the-fly data processing and exploration of two-dimensional X-ray diffraction area
detector data, specifically designed for the large amount of data collected at XRD beamlines at
synchrotrons. Figure C.4 and Fig. C.5 present the XRD image processing without mask and
with masking. The figure on right hand side are the extracted diffractogram where one can also

observe the peaks from diamonds and detector without mask.

Figure C.4: Dioptas windows of raw XRD image (left) and extracted diffractogram (right) without mask.

C.0.5 EulrGe; single crystal XRD under pressure

Single crystal XRD under pressure was performed on EulrGe;. Due to a limited opening of
DAC windows, a small part of reciprocal space was detected. that restricted a thorough analysis
of possible structural transition under pressure. By using CrisAlisPro and preserving the [4mm
(107) symmetry, lattice parameters at selected pressures could be extrected. The extracted lat-
tice parameters and unit cell volume are presented in table C.2. The obtained unit cell volumes
are plotted with powder XRD and DFT calculated data in Fig. 3.21 (a).
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Figure C.5: Dioptas windows of raw XRD (left) and extracted diffractogram (right) with mask. Appli-
cation of mask removes the peaks generated from diamonds and/or detector.

Table C.2: Experimental lattice parameters, unit cell volume of EulrGe; at selected pressures for sample
1 and 2.

Pressure 0 GPa 7.8 GPa 30 GPa 40 GPa

Sample 1
a(A) 44358 (4) 4.325(2) 4.1164(2) 4.018(5)
c(A) 10.058 (1)  9.875(6)  9.599(5) 9.421 (1)
V(A% 19791 (4) 184.72(8) 162.65(2) 152.1(9)

Sample 2
a(A) 4.434 (5) 4.322(7) 4.1182(7) 3.955(7)
c(A) 10.055(9) 9.894(6) 9.556 (2) 9.410(1)
V(A% 197.68(4) 184.81(2) 162.1(2) 147.2(3)

C.0.6 EuRhGes XRD under pressure with neon PTM

In chapter 3, XRD experiments of EuRhGe3 under pressure using helium PTM was presented.
Additionally synchrotron powder XRD of EuRhGes was measured at room temperature using
neon PTM. The experimental conditions are the same as described chapter 2. Due to the small
amount of sample in the DAC (as one can also see the relative intensity of diffraction peaks
of EuRhGe3 compares to that of Au peaks in Fig.C.6). The quality of the data was considered
insufficient to present in the main text. The data is presented here to emphasize, that regardless
of the data quality and different PTM, the anisotropic compression between a and c lattice

parameters is present. The anisotropic pressure behaviors in Fig. 3.17 and Fig. C.7, and the
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Figure C.6: Synchrotron powder XRD pattern of EuRhGes along with the results of Rietveld refinement

with neon PTM, showing the dominance of gold signal over EuRhGes.

obtained Bj and By, by EOS fitting are consistent with those values obtained with helium PTM.
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data.
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C.0.7 XRD and DFT extracted atomic coordinates as function of pressure

of Eu7' Ges compounds

Tables C.3, C.4, and C.5 present the atomic coordinates of EuCoGes, EuRhGe3, and EulrGes,
respectively. Crystallographic Information File (CIF) files were extracted using profex after per-
forming Rietveld refinement. CIF file contains information, lattice parameters, unit cell volume,
lattice angles, occupation, atomic coordinates, and space group etc. Here in the afformentioned
tables only contain atomic coordinates extracted from the XRD experiment and its comparison

with DFT calculated atomic coordinates to avoid complexity.

Table C.3: Atomic coordinates for EuCoGes under pressure extracted from refinement of XRD data and
DFT calculation.

XRD DFT
Pressure Atoms Symmetry x y z X y zZ
0 GPa
Eu 2a 00 00 00 00 00 0.0
Co 2a 0.0 0.0 03384 0.0 0.0 0.3415
Gel 4b 0.0 0.5 02499 0.0 0.5 0.2477
Ge2 2a 0.0 0.0 05702 0.0 0.0 0.5717
10 GPa
Eu 2a 00 00 00 00 00 0.0
Co 2a 0.0 0.0 03432 0.0 0.0 0.3441
Gel 4b 0.0 0.5 024838 0.0 0.5 0.2476
Ge2 2a 0.0 0.0 05802 0.0 0.0 0.5745
20 GPa
Eu 2a 00 00 00 00 00 0.0
Co 2a 0.0 0.0 0.3467 0.0 0.0 0.3460
Gel 4b 0.0 0.5 02501 0.0 0.5 0.2475
Ge2 2a 0.0 0.0 05801 0.0 0.0 0.5761
30 GPa
Eu 2a 00 00 00 00 00 0.0
Co 2a 0.0 0.0 03500 0.0 0.0 0.3475
Gel 4b 0.0 05 02511 0.0 0.5 0.2473
Ge2 2a 0.0 0.0 05761 0.0 0.0 0.5773
40 GPa
Eu 2a 00 00 00 00 00 0.0
Co 2a 0.0 0.0 03567 0.0 0.0 0.3488
Gel 4b 0.0 0.5 02505 0.0 0.5 0.2472
Ge2 2a 0.0 0.0 05748 0.0 0.0 0.5783
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Table C.4: Atomic coordinates for EuRhGes under pressure extracted from refinement of XRD data and
DFT calculation.

XRD DFT
Pressure Atoms Symmetry x y zZ X y zZ
0 GPa
Eu 2a 00 00 00 00 00 0.0
Rh 2a 0.0 0.0 03544 0.0 0.0 0.3488
Gel 4b 0.0 05 02425 0.0 0.5 0.2435
Ge2 2a 0.0 0.0 05812 0.0 0.0 0.5864
10 GPa
Eu 2a 00 00 00 00 00 0.0
Rh 2a 0.0 0.0 03542 0.0 0.0 0.3514
Gel 4b 0.0 0.5 02404 0.0 0.5 0.2423
Ge2 2a 0.0 0.0 0.5816 0.0 0.0 0.5886
20 GPa
Eu 2a 00 00 00 00 00 0.0
Rh 2a 0.0 0.0 03542 0.0 0.0 0.3532
Gel 4b 0.0 0.5 02395 0.0 0.5 0.2412
Ge2 2a 0.0 0.0 0.5853 0.0 0.0 0.5897
30 GPa
Eu 2a 00 00 00 00 00 0.0
Rh 2a 0.0 0.0 03555 0.0 0.0 0.3547
Gel 4b 0.0 0.5 02406 0.0 0.5 0.2404
Ge2 2a 0.0 0.0 0.5815 0.0 0.0 0.5903
40 GPa
Eu 2a 00 00 00
Rh 2a 0.0 0.0 0.3557
Gel 4b 0.0 0.5 0.2394
Ge2 2a 0.0 0. 0.5905
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Table C.5: Atomic coordinates for EulrGes under pressure extracted from refinement of XRD data and
DFT calculation.

XRD DFT
Pressure Atoms Symmetry x y zZ X y zZ
0 GPa
Eu 2a 0.0 0.0 0.0 0.0 00 0.0
Ir 2a 0.0 0.0 03544 0.0 0.0 0.3490
Gel 4b 0.0 0.5 02425 0.0 0.5 0.2432
Ge2 2a 0.0 0.0 0.58124 0.0 0.0 0.5867
10 GPa
Eu 2a 0.0 0.0 0.0 0.0 00 0.0
Ir 2a 0.0 0.0 0.35428 0.0 0.0 0.3518
Gel 4b 0.0 0.5 0.24044 0.0 0.5 0.2413
Ge2 2a 0.0 0.0 05816 0.0 0.0 0.5897
20 GPa
Eu 2a 0.0 0.0 0.0 0.0 00 0.0
Ir 2a 0.0 0.0 0.35427 0.0 0.0 0.3535
Gel 4b 0.0 0.5 02395 0.0 0.5 0.2397
Ge2 2a 0.0 0.0 0583 0.0 0.0 0.5910
30 GPa
Eu 2a 0.0 0.0 0.0 0.0 00 0.0
Ir 2a 0.0 0.0 03555 0.0 0.0 0.3549
Gel 4b 0.0 0.5 0.2406 0.0 0.5 0.2385
Ge2 2a 0.0 0.0 035815 00 00 0.5918
40 GPa
Eu 2a 0.0 00 0.0
Ir 2a 0.0 0.0 0.3559
Gel 4b 0.0 0.5 0.2373
Ge2 2a 0.0 0. 0.5920
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