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Abstract

This thesis concerns the study of the magnetic and structural transformations that occur
in the 3d metals when they are compressed up to extreme pressures. The investigation
has been carried out using polarized X-ray absorption (X-ray magnetic circular dichroism
or XMCD) coupled to X-ray diffraction and DTF calculations and applied to the cases of
cobalt, nickel and iron-cobalt (FeCo) alloys. In particular, in cobalt we present the first
experimental evidence of pressure-induced suppression of ferromagnetism and we explore
the interplay between structural and magnetic changes. The case of nickel, that is struc-
turally stable over a wide range of pressures, allows to go deeper into the interpretation
of the K-edge XMCD signal, so far still unsettled. Finally the investigation of the FeCo
alloys is aimed at understanding the role played by the chemical order in tuning the high

pressure structural and magnetic properties.






Resumé

Cette these traite des transformations structurelles et magnétiques qui se produisent dans
les métaux 3d quand ils sont comprimés jusqu’a des pressions extremes. L’ étude a été
réalisée en utilisant les techniques d’absorption polarisée des rayons X (Dichroi:sme circu-
laire magnetique de rayons X ou XMCD) et de diffraction des rayons X, couplées a des
calculs DF'T; elle a été appliquée aux cas du cobalt, du nickel et des alliages de fer et
cobalt (FeCo). En particulier, cette these présente la premiére preuve expérimentale de la
suppression du ferromagnétisme du cobalt, induite par la pression, et explore la relation
entre les changements structurels et magnétiques. Le cas du nickel, structurellement stable
sur une large échelle de pressions, permet d’aller plus loin dans I'interprétation du signal
XMCD au seuil K, encore débattue aujourd’hui. Enfin, I’enquéte sur les alliages FeCo
vise a comprendre le role joué par I'ordre chimique dans la détermination des propriétés

structurelles et magnétiques en conditions de haute pression.






Riassunto

Questa tesi riguarda lo studio delle trasformazioni magnetiche e strutturali che avvengono
nei metalli 3d quando sono sottoposti a pressioni estreme. L’ indagine ¢ stata svolta usando
le tecniche di assorbimento di raggi X polarizzato (X-ray magnetic circular dichroism o
XMCD) e diffrazione da raggi X, accoppiate a calcoli teorici DFT. Tale studio ¢ stato
applicato ai casi di cobalto, nichel e leghe di ferro-cobalto (FeCo). In particolare, per il
cobalto, si presenta la prima evidenza sperimentale della soppressione del ferromagnetismo
indotta dall’ applicazione della pressione e si indaga la relazione tra le trasformazioni
magnetiche e quelle strutturali. Il caso del nichel, strutturalmente stabile in un ampio
intervallo di pressioni, permette di approfondire I’ interpretazione del segnale XMCD alla
soglia K, a tutt’oggi ancora dibattuta. Lo studio delle leghe di FeCo e invece volto alla
comprensione di quale sia il ruolo giocato dall” ordine chimico nel determinare le proprieta

strutturali e magnetiche in condizioni di alta pressione.
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Introduction

The appearance of ferromagnetism in Fe(bcc), Co(hep), and Ni(fcc) metals is one of the
most fundamental questions in solid-state physics. In these transition metals, magnetism
plays a fundamental role in determining the physical properties; for example, it greatly
influences the crystalline structure, stabilizing bcc Fe and hep Co instead of hep Fe and
fce Co predicted in absence of magnetic interactions. Our modern understanding of the
magnetic structure of metals relies on the Stoner-Wolfahrt model, which points out that
the density of state at the Fermi level and the electronic correlations are the two most
crucial factors at absolute zero temperature.

In Fe, Co and Ni magnetism arises from the partially filled spin-polarized 3d band
whose properties are strongly determined by the crystal structure and by external factors
such as temperature, magnetic field, and pressure. Therefore, exploring the stability limits
of ferromagnetism as a function of these thermodynamical variables is an essential issue
to get a deeper insight on its appearance.

Application of pressure is an effective way to address the complex interplay between
magnetic, structural and electronic degrees of freedom. Directly acting on the interatomic
distances it allows to modify the band hybridization strength thus inducing structural
and magnetic instabilities. The knowledge and understanding of correlations between
structure and magnetism is of paramount importance both from a fundamental and a
technological point of view. First for the implications in geophysics for planetary interior’s
studies, being the Earth core mainly composed of iron dominated alloys; secondly for the
tremendous number of technological applications in which these metals are involved such
as high-density magneto-optical storage media.

The compression of interatomic distances leads to the broadening of the electronic
bands, which reflects in a decreased density of state at the Fermi level. In the framework of
the Stoner-Wolfahrt model this implies that at sufficiently high compression the condition
for ferromagnetism stability is no longer satisfied, and ferromagnetism is lost.

In iron the collapse of ferromagnetism with pressure has been experimentally observed
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in correspondence to the bee-hep structural phase transition around 13 GPa. An intense
debate is still open to understand which, between structural and magnetic degrees of free-
dom, plays a driving role in the bcc ferromagnetic to hep non-ferromagnetic transition. In
cobalt, the suppression of ferromagnetism is predicted to occur with the hep-fee transition
in the 100-150 GPa range and the pressure limits for ferromagnetism stability have been
established only recently with the results presented in this Thesis and, simultaneously, by
Ishimatsu and co-workers. Ni is predicted to maintain a stable fcc ferromagnetic phase up
to the 10?2 GPa range, however the pressure limit of ferromagnetism in fcc Ni is still not
established.

The scientific goal of this project has been to probe magnetism, structure and chemical
order in 3d metals and their alloys at extreme pressures by means of K-edge polarized

absorption.

K-edge X-ray Absorption Spectroscopy (XAS) and associated techniques exploiting
the polarization properties of synchrotron radiation, have shown to be very useful in prob-
ing simultaneously the structural, electronic and magnetic properties of the transition
metals at high pressure, for example in pure iron where they allowed to simultaneously
follow the structural-magnetic phase transition from bce-ferromagnetic to hep- non fer-
romagnetic around 13 GPa. In fact, polarized X-ray absorption spectroscopy contains
intrinsic structural, electronic, and magnetic probes through Extended X-ray Absorption
Fine Structure (EXAFS), X-ray Absorption Near Edge Structure (XANES) and X-ray
Magnetic Circular Dichroism (XMCD). The first two clearly determine and quantify the
local symmetry, while the third is very sensitive to polarized magnetic moments varia-
tion. Thus, at each pressure point, simultaneous information on both the magnetic and
the structural properties of the system are provided without any relative pressure incer-
titude, which is very important in the high pressure domain where the reproducibility of
high-pressure hydrostatic conditions is difficult to obtain.

The study of electronic structure properties of materials at extreme conditions is a
challenging problem both from theoretical and experimental viewpoints. On one hand,
high pressure and temperature conditions push experimental data towards limits where
conventional data analysis and interpretation approaches start to present their weaknesses.
On the other hand, a complete theoretical understanding of the deep interplay between
the electronic and atomic structure of systems in such conditions is still far from being
reached. A tight connection between theoretical and experimental results is an asset in
view of making significant advances in the field.

At this purpose a close collaboration was established with the ESRF (European Syn-
chrotron Radiation Facility) Theory group (Y.O. Kvashnin, L.Genovese, P. Bruno). In a
parallel theoretical PhD project entitled Ab initio study of transition metals under high
pressure theoretical methods are currently developed to address electronic and structural

properties of 3d transition metals under extreme conditions, in view of a better under-
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standing of the mechanisms at the atomistic scale determining their behavior. In particular
the experimental-theoretical collaboration has been devoted to the interpretation of the

K-edge XMCD signal behavior under pressure, still controversial in the literature.

In this Thesis, combined XANES-XMCD and X-ray Diffraction (XRD) measurements
are used to explore the high pressure limits for ferromagnetism stability and associated
structural transitions in the case of cobalt, nickel and iron-cobalt (FeCo) alloys. The case
of the FeCo alloy was investigated in order to study the role played by the chemical order
in tuning the structural and magnetic properties under compression. The following main
results were obtained.

In cobalt, our results provide the first experimental evidence of the pressure induced
collapse of ferromagnetism occurring around 120 GPa where the fcc/hep phase fraction is
at least 40%. The XMCD signal decreases linearly and continuously up to total extinction
whereas a progressive change in the arrangement of the first atomic shells from an hcp- to
an fce-like local structure is observed starting from around 80 GPa. Thus the magnetic
response in Co seems to be quite independent from the structural modifications. A coher-
ent scenario correlating magnetism, elastic-structural anomalies and theoretical results is
furnished, highlighting major differences with the iron case.

In the case of nickel, the structural stability of the fcc phase over a wide pressure range
offers a unique opportunity to experimentally investigate how magnetism is modified by
the simple compression of interatomic distances. New high pressure K-edge XANES-
XMCD measurements coupled to XRD measurements on pure Nickel are presented up
to 200 GPa, a record pressure for absorption techniques. Our data show that fcc Ni is
structurally stable and ferromagnetic up to 200 GPa contrary to the recent predictions of
an abrupt transition to a paramagnetic state at 160 GPa. Moreover, novel DFT calcu-
lations describing the different behavior of orbital and spin moments in compressed Ni,
point out that the pressure evolution of the Ni K-edge XMCD closely follows that of the p
projected orbital moment rather than that of the total spin moment. The disappearance
of magnetism in Ni is predicted to occur above 400 GPa.

The structural and magnetic phase diagram of Fe;_,Co, under high pressure is at-
tractive because of the very different behavior of the pure components: Fe looses its
ferromagnetism across the bee-hep transition around 13 GPa and Co retains an hep ferro-
magnetic phase up to around 100 GPa. Our systematic study in an unexplored pressure
(P<70 GPa) and composition range (0.5<x<0.9) provides a detailed description of the
pressure-induced structural and magnetic transitions occurring in this range pointing out
the close relationship between structure, magnetism and chemical order in this system.
The comparison with DTF calculations shows that the chemical order plays a crucial
role in determining the high pressure magnetic and structural properties. A first (x,P)
magnetic and structural phase diagram for FeCo is drawn.

The results of the present work have been the subject of the following publications:
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1. Pressure-induced collapse of ferromagnetism in cobalt up to 120 GPa as seen via

x-ray magnetic circular dichroism, R. Torchio, A. Monza, F. Baudelet, S. Pascarelli,
O. Mathon, E. Pugh, D. Antonangeli, J. Paul Itié, Phys. Rev. B Rapid communi-
cations, Phys. Rev. B 84, 060403(R) (2011)

. XMCD measurements in Ni up to 200 GPa: resistant ferromagnetism., R. Torchio,

Y.O Kvashnin, S. Pascarelli, O. Mathon, C. Marini, L. Genovese, P. Bruno, G.
Garbarino, A. Dewaele, F. Occelli, P. Loubeyre, Phys. Rev. Lett. 107, 237202
(2011)

. Structure and magnetism in compressed Iron-Cobalt alloys, R.Torchio, S. Pascarelli,

O. Mathon, C. Marini, S. Anzellini, P. Centomo, C. Meneghini, S. Mobilio, N.A.
Morley and M.R.J. Gibbs, High Pressure Research 31 (2011) 148-152

completing papers are under preparation.

This Thesis is organized as follows:

Physical background and experimental techniques

e In Chapter 1 an historical overview of the scientific understanding of magnetism in

the transition metals is given, with particular attention devoted to the Stoner band
model in its merits and limitations. A covalent magnetism model, addressing the de-
scription of magnetism in 3d metal alloys is presented and the close interrelationship
between structure and magnetism in the transition metals is discussed. The effect
of pressure on structure and magnetism is analyzed on the basis of the experimental
and theoretical results present in the literature and the case of iron is reported as

an example.

Chapter 2 surveys some high-pressure apparata. In particular, the diamond anvil
cells and related equipment. The polarized XAS technique is described and the
scientific and technical implications given by the high pressure setup are discussed.
Special focus is dedicated to the interpretation of the K-edge X-ray Magnetic Circular
Dichroism signal. Finally the principle of the energy dispersive spectrometer and
high pressure XMCD setup of beamline 1D24 is briefly described, pinpointing its

suitability to this kind of experiments.

Experimental results and discussion

e In Chapter 3, 4 and 5 our new results on, respectively, cobalt, nickel and iron-cobalt

alloys are presented. In each chapter the most relevant experimental and theoretical
literature is overviewed and the experimental setup, used in each experiment, de-
scribed. Then, the experimental results are discussed in comparison with previous

studies and theoretical calculations.
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Finally the overall conclusion of this work are presented.



1

Magnetism and structure in the
3d metals

In this chapter an historical overview of the fundamental understanding of magnetism in
the transition metals is given, with particular attention devoted to the Stoner band model.
A covalent magnetism model, describing the magnetism of metallic alloys is presented.
The close relationship between structure and magnetism in the 3d metal is discussed and
the relevance of high pressure studies in addressing this complex interplay is underlined.
The structural and magnetic modifications induced by compression in these metals are
analyzed on the basis of the experimental and theoretical results present in the literature

and the case of iron is reported as an example.

1.1 Itinerant ferromagnetism

In the history of magnetism and still today the magnetic properties of the transition metals
Fe, Co and Ni and their alloys have constituted the core of the whole field of magnetism.
The reason is that for these metals the electronic structure gives rise to sizable magnetic
moments at room temperature. While the rare earths (or 4f elements) have also been
important in magnetism, they become attractive for potential applications only when
alloyed with the transition metals, because this raises their Curie Temperature above
room temperature. Therefore the scientific understanding and technological applications
of the 3d transition metals have dominated the field.

The difficulty and, at the same time, fascination with the transition metals is mainly in
their duality between localized and delocalized, so called itinerant, behavior. This duality
forms the core of the electronic many-body problem and is the essence of magnetism.

The atomic moments in Fe, Co and Ni are not multiples of the Bohr magneton but
rather odd fraction of it, therefore cannot be explained by a successive orbital occupation
as described by the Hund’s rule. The puzzle about the broken Bohr magneton numbers

in the ferromagnetic metals was solved through the development of band theory, which
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was first applied to magnetic systems around 1935 by Mott [1], Slater [2, 3], and Stoner
[4, 5]. The simplest band-like model of the ferromagnetic metals is often called the Stoner-
model or Stoner-Wohlfarth-Slater-model and underlies our modern understanding of the
magnetic structure of metals.

The assumption behind the SWS-model is that the bonding interaction between the 3d
electrons causes a smearing of their energy into a band. In the presence of a Weiss Field
(the exchange field H ") the centers of gravity of the states characterized by opposite spins
exhibit an exchange separation, the exchange splitting A, determining an unbalance in
the spin-up and spin-down electron (holes) population. The magnetic moment m is then
given by the difference in the number of electrons in the majority and minority bands, as

defined in Fig. 1.1 according to:

m = (N — N"™) = pp (N = Nj™) (1.1)

In the band picture the number of majority and minority states is non integer and the
magnetic moments are non integers multiples of the Bohr Magneton. This simple relation
between electron and hole moments is exact only if the bands states are well defined in
their energy spread about the Fermi level. In practice this is only approximately true for
the 3d transition metals as will be explained in the next section.

The exchange field H®* generating the splitting of the electronic states is not a true
magnetic field as it produces no electromagnetic induction and no Lorenz force. It finds
its origins in the Heisenberg exchange interaction [6] which results in the formations of
unpaired spin states. Heisenberg’s original formulation describes localized electrons, while
its first application to de-localized itinerant electrons is due to Stoner [4, 5]. The exchange
field does not act on the orbital moment nor on the nuclear moment. Once the electron
spin polarization and hence the spin moment is established by the exchange interaction,
the coupling of the spin moment and the orbital moment is determined by the weaker
spin-orbit interaction.

The Stoner theory establish a criterion for ferromagnetism stability at T=0:

IsDOS(EF) > 1 (1.2)

where Ig is a measure of the exchange interaction and DOS(Ef) is the density of
states at the Fermi level. Thus the Stoner criterion is fulfilled either for a strong ex-
change interaction or for a large DOS(Eg). In the transition metals the 3d bandwidth
is small leading to a large DOS(Er) which satisfies 1.2. The quantity Ig, called Stoner
parameter, is found to be a quasi-atomic property which depends very little on chemical

or metallurgical effects (bonding, alloying, etc...).
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Figure 1.1: The Stoner model of ferromagnetic transition metals, illustrated for the 3d
shell. Filled electron states below the Fermi energy Fpr are shown shaded, hole states
above Er are shown unshaded. The spin states with the largest number of electrons are
called "majority band” and the other "minority band”. The labels ”spin up” and ”spin
down” only have meaning with respect to a quantization direction, generally defined as
that of the external field H". The density of states generated by the s-p electrons is not
shown for clarity.

The Stoner model roughly applies to the metals at T=0 but fails at finite temperatures
where unphysically high Curie temperatures are predicted and the calculated paramag-
netic susceptibility does not describe the experimentally observed Curie Weiss law. The
reason for this is that the magnetic moments are supposed to disappear through spin-flip
excitations to the Stoner continuum, associated with the reversal of single electron spins,
a process that costs too much energy. The understanding of finite temperature magnetism
in the metals came only after, in the seventies, with the inclusion of thermally induced
collective magnetic excitations, the so-called spin waves or magnons [7] (Fig. 1.2) thanks
to the pioneering work of Moriya, Hubbard, Hasegawa, Korenman, Gyorfty, Edwards, and
others [8-15]. Basically, the spin wave model distributes the spin-flip of a single electron
(Stoner excitation) over many lattice sites [16]. After the broad consensus reached on
the fact that orientational fluctuations of the local magnetization represent the essential
ingredients to a thermodynamic theory, several different approaches were developed (see
[17] for a review). Despite its limitations, the Stoner model however posed the basis
for the modern spin polarized band theory which can nowadays describe most aspects of

magnetism in the transition metals.
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Figure 1.2: A schematic illustration of a spin-wave spin current: spin angular momentum
carried by collective magnetic moment precession.

1.1.1 Basic bands theoretical results for the transition metals

The calculated DOS for Fe, Co, Ni and non magnetic Cu are shown in Fig. 1.3 [18]. Their
shape is quite similar but Cu, as expected, shows no exchange splitting. The exchange
splitting A, defined as the relative shift of the largest peak in the DOS, is of the order of
1eV.

The structures in the density of states are due to the overlap interactions of the d-states
on neighboring atoms, with the atoms located on lattice points of well defined symmetry.
Due to the larger number of nearest neighbors, the density of states of the closed packed
systems (Co hep and Ni fec) is much more compact and does not show the pronounced
minima and maxima typical of the bcc DOS. The most important difference in the four
DOS plotted in Fig. 1.3 is the position of the Fermi level, separating the occupied states
from the unoccupied states, accounting for an increasing number of d electrons in going
from Fe to Cu. Figure 1.3 also shows the density of states generated by the s-p electrons,
which is much smaller and flatter, and is clearly visible only at energies above the d bands,
while it underlies the 3d DOS at lower energies. The s-p bandwidth is around 10 eV while
the d bandwidth is about 3 eV.

In Co and Ni there are, to first order, no majority spin d holes. The notion that
magnetism in Ni and Co is mainly due to the electrons in only one spin band has led to
the definition of ”strong” ferromagnets. In contrast, Fe is called a "weak” ferromagnet
because there are sizable d bands contribution in both spin channels. The band splitting
leaves the shape of the two subbands almost unchanged. This behavior, called rigid band

behavior, occurs in pure metals and alloys of metals (magnetic) and metalloids (non-
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Figure 1.3: Density of states of Fe, Co, Ni and Cu for the majority and minority spins
from [19]. The Fermi energy is set to zero.

magnetic). In alloys which consist of more than one magnetic constituent (like FeCo, for
instance) the interaction between the different atoms leads to changes in the electronic
structure which go beyond this simple picture.

Integrated properties of the d band are shown in Fig. 1.4. Calculations are from Wu
and co-workers [16, 19] within the full-potential-linearized augmented plane wave method.
In the top panels integrated number of d states (left) and summed s+p+d states (right)
are shown. In the bottom panels are the corresponding integrated spin moments. This
results provide important information: first, the spin magnetic moments in the transition
metals are almost entirely due to the d electrons, as very similar values are obtained with
or without s-p electrons. Close inspection actually reveals that the s-p contribution has
opposite sign with respect to the d contribution and is of the order of -0.04pp<m®P<-
0.07up for Fe and Co and -0.02u5<m*P<-0.04up for Ni. Second, the hole spin moments
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Figure 1.4: a) integrated number of d states (electrons and holes) and b), integrated
number of s+p+d states in Fe, Co, and Ni. ¢) and d) integrated electron and hole moments
for d and s+p+d states. Data are from [19] as represented in [16]. The integration is -
10<E-Er<0 eV for electrons and 0<E-Er<10 eV for holes.

are slightly reduced relative to the electron moments, as at 10 eV above the Fermi energy
the number of unfilled d states (holes) has still not converged to the expected value of 10
and 5% states are missing. This was firstly pointed out by Wu and co-workers [19, 20] and
arises from hybridization of the d states with the more delocalized s-p states; thus some

of these hybridized d states lie at higher energies above Ep.

The orbital moment my = —pup (l,) arises from an imbalance in the occupation of

+m; and -m; states. In the 3d metals the orbital moment is largely quenched by the

Fe bee Co hep Ni fce
mspin(,uB) Merp (NB) Mspin (NB) morb(,uB) Mspin (MB) morb(,uB)
Theory 2.21 0.06 1.57 0.14 0.61 0.07
exp 2.13 0.08 1.52 0.14 0.57 0.05

Table 1.1: Spin and orbital moments for Fe, Co, Ni. Calculated values are from [21],
experimental values are from [26].
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crystal field and only arises from the spin-orbit interaction; its contribution to the total
magnetization accounts for a 5-10%.

Nowadays theoretical approaches based on the density functional theory using different
basis function and approximations for the exchange correlation potential furnish quite
satisfactory results for the 3d metals spin moments. The typical variation encountered
between different methods as well as between theoretical and experimental values is around
4-9 % [16]. Poorer is the agreement between calculated and experimental values of orbital
moments, however this was much improved by the work of Eriksson and co-workers were
orbital polarization and spin-orbit interaction were included within the Linear Muffin Tin
Orbital (LMTO) approach.

In Table 1.1.1 we report calculated values of the spin and orbital magnetic moments

by Eriksson et al. [21]. The agreement with experimental results is quite good.

1.2 The magnetism of alloys: covalent magnetism

Itinerant magnetism in a variety of transition-metal systems such as elemental anti-
ferromagnets, impurity systems (transition metals in transition metals) and certain transition-
metal compounds cannot be described by the Stoner model rigid-band theory. Magnetism
in these cases is shown to arise from spin-dependent interactions between the d states of

neighboring transition metal atoms [22].

Figure 1.5: MO diagram of the covalent interaction in FeCo and its translation into the
density of states, after [25].

As an example the Fe-Co system is chosen. Due to their vicinity in the periodic
table these two metals have similar electronic structure and electronegativity, therefore

any substantial charge transfer between them can be ruled out. Pure Fe and pure Co
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Figure 1.6: Density of states of the FeCo alloy (at 50% of Co), Fe-DOS full line and
Co-DOS dotted line; after [25].

crystallize in bee and hep symmetry respectively. Fej_,Co, crystallizes in a body centered
structure up to x<0.75. On alloying they will form a common band as long as the energies
of the respective Fe and Co states are comparable. If a rigid band behavior were assumed
one would simply fill the resulting band with the available number of electrons, allowing
a charge transfer of half electron from cobalt to iron. This charge transfer, as mentioned
above, is unphysical not only because of the comparable electronegativities but also for
the metallic character of the bond. Indeed band structure calculations [23, 24] show that
the common band picture is valid only for the fully occupied spin-up band - where the
same number of electrons for both Co and Fe, namely 5, are present - whereas this is not
the case for the spin-down bands.

Fig. 1.5 shows how the Fe-Co magnetism can be understood from a simple molecular
orbital (MO) scheme. One starts from the non spin-polarized states of Fe and Co. Due
to the additional electron, the Co states will be lower in energy than the Fe ones. If one
now allows for a band splitting, Fe will show a larger splitting than Co. Since only states
with the same spin energy can interact, Fe and Co spin up, which are about at the same
energy will form a common band. For the spin-down states, a higher energy difference
occurs. When these states form a molecular (hybrid) orbital, the occupation of the atomic
electrons will be inversely proportional to the energy difference between the atomic level
and the MO-level. This means that for the spin down bonding MO more Co than Fe
electrons will be transferred and viceversa for the antibonding state (this is sketched in
Fig 1.5 using a a variable length of the spins arrows). If this picture is now translated into
a density of states (right panel of Fig. 1.5), it leads to an unperturbed DOS for spin-up
(the Co DOS in Fig. 1.5 right panel is slightly shifted to make it visible) and a distortion
for the spin down DOS according to the MO mechanism.
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Figure 1.7: Magnetization density (top) and magnetization density contours plot (bottom)
in a [011] plane for the ordered phase of FeCo, after [25].

Fig. 1.6 shows an actual DOS from a calculation of the electronic band structure for
Fe;_,Co; x=0.5. The mechanism sketched in Fig. 1.5 can be identified with a common
band for the spin up DOS and the redistribution of spectral weight in the spin down band.
Since this redistribution enhances the number of Co states below the Fermi level, Co can

accommodate its additional electron without the need of a charge transfer.

It can be also interesting to look at how the magnetization density - i.e. the difference
between the spin-up and the spin-down electron density - is distributed within a magnetic

solid. Such an analysis can be drawn from neutron diffraction experiments or, nowadays
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more easily, from calculations of the electronic structure. Figure 1.7 shows the results
of a full potential LMTO (Linear Muffin Tin Orbital) calculation for the ordered phase
of FeCo. It can immediately be seen that the magnetization density is far from being
uniformly distributed over the whole crystal as one would expect for an itinerant electron
magnet. However this is not really surprising since the carriers of the magnetic moments
are the d-electrons which are certainly not delocalized themselves. This result points out
that the assumption of free electrons does not really stand for the transition metals. Since
the magnetization density is produced by the narrow 3d-bands it appears to be fairly
localized around the atomic positions. Moreover, from the contour plot (Fig. 1.7 bottom
panel), it can be noticed how aspherical the spin density is and particularly around Co.
This feature is again a direct consequence of the covalent interactions present in the FeCo

alloy.

1.3 Structure and magnetism in the 3d metals

The crystal structures for most metallic elements have been known for a long time and
it was early recognized that they show a pattern which could be related to the chemical
periodicity of the elements. The 4d, 5d, and the nonmagnetic 3d transition elements all
follow the same structural sequence hcp — bcec — hep — fee through the series as a
function of atomic number.

This behavior can be traced back to the electronic structure and the interaction of the
s and d bands in these elements [27]. The major role is played by the progressive filling of
the d band and by the fact that the characteristic shapes of the bcc, fcc and hep density
of states are essentially element independent [28, 29]. Fig. 1.8 shows an excerpt from the
periodic table concentrating on the s-d transition metals series.

The magnetic elements Mn, Fe and Co however, deviate from this general trend. Mn
which would be expected to be hep, forms a highly complicated structure (the a-Mn) with
58 atoms per unit cell. Also its magnetic structure is extremely complicated exhibiting
anti-ferromagnetism together with non-collinear spin ordering. The most stable phases for
Fe and Co are the bee and hep structures respectively although they would actually fall
into the hep (Fe) and fce (Co) group. The origin of this deviation lies in the 3d metals
magnetic order. The number of valence electrons is the sum of the s and d electrons. In the
magnetic elements magnetism causes a band splitting and thus a different occupation of
the spin-up (n'!) and spin-down (n') bands while n! and n' are the same for non magnetic
elements. If one assumes, for simplicity, that the spin-up d band is full with 5 electrons
(like in strong ferromagnets) the remaining electrons occupying the spin-down band would
be 2,3 and 4 for Mn, Fe and Co respectively (see the gray shaded box in Fig. 1.8). From
the chemical bond theory it is known that filled electron shells do not contribute to the
bonding. This means that for Mn, Fe and Co the full (or almost full) spin-up band can

be neglected and the electronic and structural properties are governed by the partially
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Figure 1.8: The s-d transition metals series in the periodic table follow the hcp — bee —
hcp — fece structural sequence as a function of the number of valence electrons, with the
exception of the magnetic Mn, Fe and Co. This representation is from [25].

filled spin-down band. Therefore Mn, Fe and Co behave as if they had 2,3 and 4 valence
electrons responsible for the chemical bonding and thus for the crystal structure. Fe thus
falls in the Cr, Mo, W group and adopts the bcc structure; Co falls in the Ru, Os and
becomes hep (see Fig. 1.9) [30]. Mn, as mentioned above, is rather a case in itself. The
fact that for the magnetic elements the spin-up electrons do not contribute to the bonding

also leads to a significant reduction of the bulk modulus [30].

This simple model, proposed by Séderlind and co-workers [30] as a development of the
previous work by Skriver [28] on non magnetic metals, presumes that all the 3d metals
structures show saturated magnetism (equal exchange interaction) which is not strictly
true for Fe which is a weak (unsaturated) ferromagnet. This model is therefore inadequate
to describe certain systems in which the weak magnetism of Fe plays a crucial role, like
in FeCo (see the Iron-Cobalt alloys chapter). It however furnishes an effective way to
rationalize the real behavior of ferromagnetic metals pointing out the strong influence of

magnetism in stabilizing the crystal structures.
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Figure 1.9: Schematical picture of the s+d metals in the periodic table from [30]. The
connection, as regards the valence number of electrons and crystal structure, between Fe,
Co, Ni on one hand and the /d and 5d elements on the other hand is shown.

1.4 High pressure studies

It is through pressure, which is a special case of generalized stress, that one can change the
volume of a system or the average particle density. The changes may be brought about
in a quasi-static way, typically nowadays by the use of Diamonds Anvil Cells (DACs),
or dynamically, through the use of shock methods [31, 32]. In either case, the atoms
in condensed forms of matter are driven closer together. As observed by Percy Williams
Bridgman (Nobel Prize in Physics in 1946) of Harvard University in 1926, this compression
offers a route to ”"breaking down” the electronic structure of the atoms themselves and to

the possibility of creating entirely different bulk properties.

Pressure induces myriad changes in materials. First, compression typically causes a
tendency towards closer packing of atoms, ions and molecules. Although this is often
assumed to mean a corresponding tendency towards simpler structures, sometimes quite
the opposite is true. Indeed, pressure may induce order, but it also can bring out disorder
[33]. Generally, a compression is followed by an increase of local coordination number;
this increase in turn is intimately linked to variations in the electron hybridization. Such
changes in turn can be associated to major modifications in electronic and magnetic states,
including the formation of conductors or superconductors from materials originally pos-
sessing substantial bandgaps [34, 35]. Finally, pressure can affect the chemical behavior:
chemical reactions can be induced that do not occur under more familiar conditions [36].
Although many of these effects of pressure on condensed matter have been known for years,
it is only recently that the full potential of the pressure variable in the condensed matter

sciences has begun to be realized. This change is mainly due to the striking advances that
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have occurred in parallel in both experimental high pressure techniques and in theoretical

methods respectively.

1.4.1 Pressure effects on magnetism and structure in the 3d metals

The compression of interatomic distances in the $d metals leads to variations in the
elementary magnetic moment and in the Curie temperature [37].

The former effect is generally interpreted, in the framework of the Stoner model, as
a consequence of the decreased DOS at the Fermi level which follows from the pressure-
induced band broadening associated to the interatomic distance squeezing. In fact, the
band-width (W) increases rapidly as the interatomic distances r are reduced (W a r=>
according to the general result of Heine [39, 41]), whereas the Stoner parameter Ig is,
to first approximation, independent of the volume ![4, 18, 38, 46]. Hence, the pressure-
induced decay of the number of states at Er weakens the ferromagnetism condition. This
simple picture gives an intuitive understanding of the physics involved, however, in a more
accurate analysis, the Stoner parameter should be allow to vary with the volume [40, 46].

As an example, high pressure (zero temperature) DOS calculations for pure Ni are
shown from Xie and co-workers up to 80 GPa [44] in Fig. 1.10. As the pressure is
increased, both spin-up and spin-down DOS spread downwards and the height of the DOS
at the Fermi level (in the spin-down bands) decreases while the splitting between spin-
up spin-down bands remains substantially unchanged (as can be seen by looking at the
highest DOS peak position). Meanwhile the difference in the number of spin-up and spin-
down electrons - i.e the Ni elementary spin magnetic moment- decreases reaching 87% of
its initial value at 100 GPa [43-45].

In the 3d metals the loss of ferromagnetism is generally concomitant to a structural
transition. Several zero temperature high pressure calculations have been carried out,
and there is a general agreement on the expected pressure induced magnetic/structural
transitions. Fe is predicted to undergo the bce ferromagnetic to hpc non-magnetic phase
around 10-15 GPa [43, 45-50]; ferromagnetic Co would transform into non magnetic fcc
phase around 100 GPa [43, 50-52], while Ni is expected to remain in a stable fcc ferro-
magnetic structure up to the 10> GPa range [43-45]. In the 3d metals compression thus
favors closed packed arrangements and a higher resistance of magnetism can be associated
to a stronger ferromagnetism, following from the progressive filling of the minority d-band
when going from Fe to Ni. However, a large debate is still open on whether structural
instabilities are driven by magnetic instabilities or viceversa.

The latter effect, the Curie temperature shift with pressure, is related to the variation
in the exchange interactions [37]. Experimental observations of the Curie temperature shift
with pressure only reach 2, 15 and 25 GPa for Fe [37], Ni [53] and Co [54] respectively.

In this low pressure range, T, is seen to remain constant (Fe) or to increase (Co and Ni).

n bee iron, for a compression of 0.9 of the Wigner-seitz radius, the Stoner parameter Is is found to
increase by a 3% whereas Is DOS(EF) decreases by 33% [40].
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Figure 1.10: Pressure dependence of the spin-up (top panel) and spin-down (bottom panel)
density of states in Ni. a) P=0 GPa, b) P= 20 GPa, c) P=40 GPa, d) P=80 GPa.

The theoretical description of the T. dependence on volume is nowadays still challenging.
Despite the necessity to include collective fluctuation of the magnetization direction has
been understood, the results remain controversial. In Fe and Co both a positive and a
negative initial slope are reported [55-58]. In Ni, a general agreement is reached for the
initial T, increase with pressure but not on the definitive drop of T, caused by the loss of
correlation at very high pressures [35], which is predicted above 300 GPa by Tissen [59]
and around 160 GPa by Shang and co-workers [60].

From the experimental point of view, thanks to the lower pressure range, the iron
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Figure 1.11: XMCD signals scaled to the standard moment for Fe (blue triangles), Co (red
circles) and Ni (green squares) from [42]. The solid lines represent linear fits of the data
and dotted lines represent DFT calculations from [46, 99] for Fe and Co respectively.

case has been widely investigated and the bce-FM to hep-NM phase transition, occurring
around 13 GPa, rather settled (see next section). The high pressure hep-fee structural
transition in Co has been observed by diffraction to occur in the 100-150 GPa range
[61] whereas Ni is found to retain a stable fcc structure up to 150 GPa [62]. In 2007,
two systematic high pressure studies on magnetism and structure in the 3d metals by
means of polarized absorption were carried out [42, 63]. The X-ray Magnetic circular
Dichroism (XMCD) signal, assumed to be proportional to the magnetic moment, was
observed to decrease linearly in Co and Ni, with a higher and a smaller rate respectively.
These works thus confirmed that a higher resistance to compression relates to a stronger
ferromagnetism. A non zero signal was recorded up to 100 GPa in cobalt and 70 GPa
in nickel. Basing on these results, the limits for ferromagnetism were roughly estimated
to be around 150 GPa for Co - i.e. at the end of the structural hcp-fee transition - and
above 250 GPa in Ni [42] (Fig. 1.11). In Co the HP limits for ferromagnetism have
been established only recently with the results presented in this Thesis [64]. At the same
time, Ishimatsu and co-workers [65] performed a similar investigation but did not observe
the total extinction of the signal. This finding was interpreted as the occurrence of a
paramagnetic phase in Co above 150 GPa. For Ni, the present results extend the pressure

range of magnetic and structural observation up to 200 GPa.

A more detailed overview of the existing literature is presented in the next section
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for iron and in the dedicated chapters for cobalt and nickel in comparison with our new
results.

The advantage of high pressure studies with respect to high temperature ones, is that
high pressure can bring to real non-magnetic states (characterized by zero local moment),
to be distinguished from the T-induced paramagnetic states where the magnetic order has
been disrupted but an elementary moment still exists [25]. However, as mentioned above,
also the Curie temperature is expected to vary with pressure and the disentanglement of
the two effects - i.e. suppression of elementary moment and thermal disorder - may not

be trivial (see the Ezperimental Methods Section).

1.5 The iron case

The iron phase diagram has attracted considerable interest for a long time. At the begin-
ning, the motivation was in its central role in the understanding of the behavior of alloys
and steel and their production [66]. Later its geophysical importance was emphasized,
because of its predominant abundance in the Earth’s core [67, 68] which makes it crucial
for the understanding of inaccessible regions of the planet.

The high pressure/high temperature phase diagram of iron is still not well established,
with many conflicting experimental results. At room temperature and atmospheric pres-
sure, pure iron is stable in the bee (a) phase. This phase is ferromagnetic, apart from
a small region above 1000 K, where the Curie transformation takes place [37] before the
transition to the paramagnetic fcc () phase. At higher temperatures (1700 K) and am-
bient pressure Fe transforms into a second bcc phase d-Fe before melting (T>1800 K).
The a, v and § phases are believed to be stabilized by magnetism [69, 70]. Under the
application of an external pressure at ambient T, iron undergoes a transition at 13 GPa
from the bce a-phase to the hep e-phase structure [71], with the loss of its ferromagnetic
long range order [72]. In the pure hcp e-phase, superconductivity appears close to the
transition between 15 and 30 GPa, below 2K [73, 74]. A double-hcp structure is reported
by laser-heated DAC experiments [75, 76] in a region around 40 GPa and 1500 K and two
other high temperature phases have been suggested to be stable at high pressure: an o’-Fe
phase above 200 GPa and 4000 K with a proposed bcc structure [77] and a (-Fe phase
above 40 GPa and between 1500-3000 K with an unknown structure [78, 79]. Subsequent
theoretical calculations [67, 80] have shown, however, that the bcc structure is mechani-
cally instable at high pressures and unlikely to be the structure of o’-Fe. The high pressure
melting of iron is also is not well understood, with a resulting uncertainty of at least 3000
K in the melting temperature at the inner core - outer core (IC-OC) boundary (see Fig.
1.12 right panel).

Let’s now focus on the RT pressure-induced transition from the ferromagnetic bece
phase to the non-magnetic hcp phase around 13 GPa, which is of major interest for

comparison with the other systems analyzed in this Thesis. The evolution with pressure of
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Figure 1.12: Right: (P,T) phase diagram for iron up to the IC-OC boundary and zoom of
the diagram in the lower pressure and temperature range (left).

the magnetic and structural state across this transition is still a subject of active theoretical
and experimental research. Moreover, a large debate is still open on which, between the
structural and magnetic degrees of freedom, plays a driving role.

Considerable ab initio theoretical studies of this transition have been carried out
[46, 67, 70, 74, 81-84]. The first order nature of the structural and magnetic transi-
tions is well established as well as the non ferromagnetic state of the hcp phase. Some
theoretical works support that the phase transition is primarily due to the effect of pres-
sure on the magnetism [46, 81] rather than induced by phonon softening [70]. Recent
calculations, based on a multiscale model containing a quantum-mechanics-based multi-
well energy function, propose an initiation of the bee-hep phase transition due to shear
[85]. During the transition a low-spin state is also suggested. At higher densities and
below 70 K, an incommensurate spin-density-wave-ordered state is predicted [86] for a
small pressure range starting with the onset of the hcp phase, as for superconductivity.

Structural investigations have been reported using x-ray diffraction [62, 63, 87] and
extended x-ray absorption fine structure (EXAFS) [88]. The iron bee-hep phase transition
is described as a martensitic transition ? with a slow variation of the relative bce and
hcp phases abundance. Distorted bee and hep phases with anomalously large lattice
constant (bcc) and c¢/a ratio (hep) when the relative amounts become small are reported
and attributed to interfacial strain between the bcc and the hep phases . A transition
model based on lattice shearing movements is proposed with a possible intermediate fcc
structure [88]. Magnetic measurements based on Mossbauer techniques [72, 89-91] and

on inelastic x-ray scattering [92] showed that the magnetic moment of iron decreases over

2 A martensitic transformation is a subclass of the diffusionless transformation. These phase transitions
occur without long-range diffusion of atoms but rather by some form of cooperative, homogeneous move-
ment of many atoms that results in a change in crystal structure. These movements are small, usually less
than the interatomic distances, and the atoms maintain their relative relationships.



18

Magnetism and structure in the 3d metals

the same pressure range as the bee to hep transition, i.e., 8 GPa. Nevertheless, the lack

of reproducibility of high-pressure conditions did not allow a precise correlation between

the structural and the magnetic transition when measured separately.
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Figure 1.13: Left: Fe K-edge XAS (left panel) and some examples of XMCD (right panel)
as a function of pressure between Continuous lines correspond to examples of data mea-
sured simultaneously; from [93]. Right: Percentage of bee phase and integral of the XMCD
signal as a function of pressure from [93].

In 2005 Mathon et al. [93-95] reported simultaneous X-ray absorption spectroscopy
(XAS) and X-ray magnetic circular dichroism (XMCD) studies of the Fe bce-hep tran-
sition. Polarized X-ray absorption spectroscopy contains intrinsic structural, electronic,
and magnetic probes through X-ray absorption near edge structure (XANES) and X-ray
magnetic circular dichroism (XMCD). Thus, for each pressure point, simultaneous infor-
mation on both the magnetic and the structural properties of the system can be provided
without any relative pressure incertitude, which is very important in the high pressure do-
main where the reproducibility of high-pressure hydrostatic conditions is difficult to obtain
(see the Ezperimental Methods Chapter for a more detailed description of the technique).
The magnetic transition was seen to slightly anticipate the structural one supporting a
magnetism driven process in agreement with phonon dispersion measurements [96].

This work demonstrated the efficiency of polarized XAS techniques to address pressure-
induced structural(electronic)/magnetic transitions, laying the foundations for subsequent
important systematic studies on the 3d metals by Iota and co-workers [42] and Ishimatsu
and co-workers [63]. The results presented in this Thesis are a further extension and

development of those studies.
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Experimental methods

This chapter briefly surveys the apparatus for high-pressure studies used in this work. It
describes the principle of the diamond anvil cell and the most common pressure measure-
ments methods. In the second part, the polarized absorption technique is presented with
special attention devoted to X-ray Magnetic Circular Dichroism from interpretational and
experimental point of view. Finally, a description of the setup used at beamline ID24
(ESRF) is given.

2.1 High-pressure experimental methods

Numerous different types of devices are nowadays available to produce high pressure con-
ditions (see [103] for an exhaustive review). They can mainly be divided into two broad
families: those based on a piston-cylinder vessel and those in which the sample is com-
pressed between anvils. The Diamond Anvil Cell (DAC) is the most largely diffused device
for generating high static pressures. Compared to piston cylinder devices, the DAC is three
or four orders of magnitude less massive (it can fit into the palm of the hand), and can
generate much higher static pressures, up to the 102 range [104]. Moreover, the diamond
transparency to the electromagnetic radiation over a wide frequency range makes this in-
strument a simple but powerful tool for the spectroscopic investigation of matter under

extreme conditions.

2.1.1 Amagnetic diamond anvil cells

The first DAC was designed and constructed at the National Bureau of Standards [105].
The great number of results in the field of HP research is strictly related to the development
of the DAC technique; see ref. [106] for a review of early developments. The DAC is
very simple in principle. It consists of two gem-quality single crystal diamonds with flat
surfaces to serve as anvil faces. The diamonds are mounted so that a sample can be
squeezed between the anvil faces. The smaller the area A of the anvil faces, the higher

the pressure P reached by the DAC for an equivalent value of applied force F', according
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to the well known relationship P = F//A. To apply pressure to the sample, the anvil faces
must have a high degree of parallelism and concentricity. One of the diamond anvils is
usually mounted on the end of a sliding piston, while the other is stationary. A cylinder
guides the piston so that the anvil faces meet very precisely. The piston is pushed by a
mechanical device such as a screw or a small hydraulic ram, thus driving the two anvils
together. A rocker or a tilting plate directly under the diamond anvils allows orientation
of the diamonds to be adjusted so that the faces are concentric and parallel. Figure 2.1

shows the principle of DACs.

‘ ‘ Force

Diamond ~

Figure 2.1: Left: schematic representation of a DAC; right: real view from a lateral window
in a symmetric cell.

Membrane DACs with Chervin and Le Toullec design [107, 108] have been used for
the experiments performed at ESRF (ID24 and ID27 beamlines) and SOLEIL (beamline
ODE), while screw membranes with symmetric design have been used for the experiments
at APS (beamlines 41D-D and HPCAT). In the membrane cells the pressure on the sliding
piston results from the deformation of a thin membrane by effect of a He pressure (Fig.
2.2 left panel). The screws cells are equipped with four external screws (two left hand and
two right hand) which can be driven simultaneously by a motor system called gear-box
[109] (Fig. 2.2 right panel). In both cases the force is applied homogeneously on the
plates and allows a fine pressure control. Moreover, the possibility to change the pressure
on-line without the need of moving the cell makes these types of DAC particularly suited
for experiments using SR where the alignment of the sample is a delicate and sometimes

long procedure.

Due to the presence of a magnetic field, X-ray Magnetic Circular Dichroism experi-

ments require the use of amagnetic DAC made of CuBe or Titanium.
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lg?

Figure 2.2: Left: schematic representation of a membrane DAC; right: Gear-box system
at HPCAT (APS).

Diamonds

Diamonds are suitable anvils due to their hardness and trasparency to electromagnetic
radiation, which make the DAC well adapted for spectroscopic studies - such as Raman,
infrared spectroscopy, X-ray absorption - and X-ray diffraction. The diamond anvils are
cut from natural, gem quality stones to have an octagonal or hexadecagonal shape, which
is preferred for the better withstanding of stress gradients. Great care must be taken
in centering and aligning the two anvils to avoid premature failure of diamonds at high
pressure. The adjustment procedure is made under the microscope: the concentricity
is achieved moving the support of the piston diamond slightly to superimpose the two
polygons corresponding to the faces of the anvils; the parallelism is checked by observing
the interference fringes that appear when the two anvils are not parallel.

All spectroscopic studies, as well as XRD, are best carried out by transmitting radiation
through a small conical hole drilled in the backing plate, passing through the upper anvil
into the sample. The transmitted radiation from the sample area and much of the scattered
photons passes through the lower anvil exiting via a similar conical hole in the lower
backing plate into an appropriate detector (Fig. 2.3 left panel). Despite the relatively
high transparency of diamonds to light and X rays, the usual thickness of a pair of 1/4-
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Figure 2.3: Left: transmission geometry in a DAC; right: relative transmission through
the diamond for different photon radiation energies from [110].

1/3 carat anvils may create a significant impediment to radiation transmission. In the
case of X rays, the 5 mm diamond thickness of a pair of 0.3 carat anvils will essentially
block the transmission of photons for E' < 10 keV (see Fig. 2.3 right panel). Alternative
schemes have thus been developed to increase the transmission [110]. One possibility is to
use a partially perforated anvil facing a totally perforated anvil with a mini-anvil glued
on top as represented in Fig. 2.4. This kind of setup was used in the experiment at 41D-D
(APS) (see chapter Iron-cobalt alloys). This geometry of course increases the possibility
of diamond failure and makes the anvils alignment more complex because the back surface

of the partially perforated diamond is not optically transparent.

Figure 2.4: Left: DAC scheme using totally perforated and partially perforated diamonds;
right: gluing of a top mini anvil.
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Gaskets

As the anvils are forced together, the sample placed between them is trapped and develops
a uniaxial pressure, whose distribution ranges from a maximum at the center to essentially
zero pressure at the edge of the sample area [111, 112]. In order to have an isotropic
pressure distribution the sample must be embedded and confined in a pressure transmitting
medium softer than the sample. To encapsulate the sample and the hydrostatic medium,
both are placed in a small hole drilled in a metallic gasket (Fig. 2.1) placed between the
two diamonds. The gasket consists of a metallic foil of typically 200 pm of thickness. The
capability of containing extremely high pressure originates from the anvil-gasket friction
and the gasket small thickness [113]. To increase the hardness of the metal, thus avoiding
large deformation and instability of the hole, the foil is pre-indented to a thickness slightly
greater than the final thickness, which depends on the maximum pressure that is planned
to be applied. The higher the pressure that has to be achieved during the experiment,
the higher the pre-indentation pressure and the smaller the final gasket thickness (and
sample volume). A hole in the pre-indented gasket is then drilled by electro-erosion or
laser. The diameter of the hole depends critically on the diameter of the diamond flat,
and it is typically one third of it. Table 2.1.1 shows typical values of anvils flats diameters,
indentation thickness and corresponding maximum pressures reachable. A second purpose
of the gasket is to provide support at the edges and sides of the anvils thus preventing
failure of the anvils at very high pressures. The out flown gasket materials provides a
massive support which assists the pressure containment. Moreover the diamonds imprint
allows to set the gasket during the loading procedure in the same orientation as it had

during indentation.

In this work stainless steel and Rhenium have been used as gasket materials for XRD
measurements (for P<40 GPa and P>40 GPa respectively) and amagnetic Inconel and
Rhenium gaskets for the XMCD experiments (for P<40 GPa and P>40 GPa respectively).

Figure 2.5: Typical loadings for high pressure experiments. During gas loading the hole
may shrink to half of its initial size, therefore a bigger hole has to be drilled and the sample
placed in the center far away from the gasket borders (right panel).
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flat diameter (u) | indentation thickness (u) | P max (GPa)
>500 50-60 < 20
300 40-45 50-70
150 25-30 100-150
< 100 20-25 >150

Table 2.1: Typical values of anvils flats, indentation thickness and corresponding reachable
pressures.

Hydrostaticity and pressure transmitting media

The uniaxial compression of diamonds acts directly on the media that transmit hydrostatic
pressure to the sample. If the pressure transmitting medium solidifies, the hydrostatic
conditions inside the cell volume are no longer achieved and the sample is subject to a
pressure gradient: i.e. the stress is not uniform in all directions. The variation of stress
conditions at different points in the sample depends upon the strength of the medium. The
hydrostatic limits of several pressure transmitting media were determined [114] by using
the ruby line broadening (see next section), or by measuring the pressure homogeneity with
several ruby chips over the area of the gasket aperture. The transmitting medium must
not chemically react with the sample and must not interfere with the measurement of the
sample. For example, in a X-ray absorption experiment, it must not have an absorption

edge in the energy range of interest.

Typical transmitting media can be liquids (alcohol, alcohol mixtures (Methanol-Ethanol
4:1), silicone oil), soft solids (alkali halides, NaCl, KBr, etc), hard solids (MgO, AlyOs,
etc) and condensed gases (He, Ne, No, Ar, etc). Liquids are in general quite easy and
fast to handle but have a quite low hydrostaticity limit (< 10 GPa); solids, also not hy-
drostatic up to high pressures, are generally chosen for laser heating experiments thanks
to their insulating properties; gases, providing the highest hydrostaticity, are the best
pressure media for room and low temperature experiments but they are difficult to load
without gas-loading or cryogenic devices. X-ray diffraction (XRD) studies have proved
that non-hydrostatic stress using He can be negligible up to around 100 GPa [115].

In the experiments presented in this Thesis two kinds of transmitting media have been
used: Silicone oil for the XAFS (X-ray Absorption Fine Structure) experiments and gas
(He or Ne) for the XRD experiments. In the case of cobalt the XAFS experiment was also
performed using Ar. Let’s briefly discuss the reasons for this choice.

Silicone oil is liquid up to 5 GPa and quasi-hydrostatic up to 13 GPa; its viscosity in-
creases gradually with increasing pressure. Despite its low hydrostatic limit, this medium
is widely used for XAFS experiments. This because hydrostatic conditions are less strin-
gent than in XRD. In fact XAFS directly probes the very local environment around the
absorber, limited to few A, and this information is intrinsically less sensitive to pressure

gradients. On the contrary XRD peaks are generated by long range order (i.e. they require
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several unit cells) thus they are more affected by the pressure gradients within the sam-
ple. Gradient pressure may in principle induce anisotropic strain modifying the physics of
the system. However it has been extensively demonstrated in the case of pure iron, that
different shear strength of pressure transmitting media can influence the transition onset
and width [90] but do not change the physics of the system as the same structural and
magnetic transitions have been reported using very different media including silicone oil.
The data presented in this Thesis furnish a further proof. In the case of cobalt two runs
of XAFS measurements have been performed using Silicone oil and Argon as transmitting
media up to around 100 GPa. The observed evolution of XANES and XMCD resulted
the same within the error bar (see the Cobalt chapter). In the case of the FeCo alloys
we have performed XAS and XRD experiments using Silicone oil and gas respectively
for several samples (see the Iron-cobalt alloys chapter). In each case the same pressure
induced structural transition has been observed with only a transition width enlargement
of 3-4 GPa in the case of Silicone oil.

In Fig.2.5 we show examples of sample loading in the DAC. During gas loading the
hole diameter typically reduces of 2/3 or even of half of its initial size. A bigger hole (half
of the diamond flat) has to be drilled and the sample loaded in the center far from the
gasket borders (see Fig.2.5 right panel).

2.1.2 Pressure measuring methods

Several methods for measuring pressure have been developed. They can substantially
be divided into two classes: those in which an optical sensor (ruby, samarium doped
yttrium-aluminum garnet (Sm:YAG), diamond, or cubic boron nitride) is used as pressure
gauge due to the established pressure dependence of its luminescence or Raman spectra
[103, 116], and those which rely on X-ray standards (like Au, Pt Cu, etc). In this second
case the pressure is determined from the lattice parameters obtained from the diffraction
pattern or from the absorption spectra [117] through an assumed equation of state.

The most common method for measuring the pressure is the ruby fluorescence tech-
nique. This method is particularly well adapted to DAC technology since it exploits the
high transparency of diamonds to visible light. Forman and co-workers [118] first showed
that the luminescence doublet of peaks Ry and Ry of Cr3*-doped Al,O3 (ruby lines) shift
linearly with hydrostatic pressure in the range of 1-22 kbar, and that the two lines broaden
if the ruby experiences nonhydrostatic stresses. In this method [119] a tiny chip of ruby
(5-10 pm in dimensions) is placed in the pressure medium along with the sample (Fig.
2.5), and its luminescence is excited by a laser (both He-Ne or argon ion lasers are proper
to use) and analyzed by a monochromator. The shift in wavelength is followed as a func-
tion of pressure. The pressure calibration is typically performed by means of the more
intense Ry (Fig. 2.6) line whose pressure dependence was established and improved dur-
ing the years by extrapolating state-equations and non hydrostatic data from shock-wave

experiments [62, 120-122]. According to [122], the relationship between the pressure P (in
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Figure 2.6: Example of pressure calibration using the ruby fluorescence technique.

GPa) and the ruby R; line wavelength shift JA (in nm) can be described by (at 20 °C):

1904
P=
B

<69(Z\24)B B 1] (2.1)

where the parameter B is equal to 7.665 and 5 for quasi-hydrostatic and non-hydrostatic
conditions respectively. In the 0-30 GPa range the linear extrapolation P = ad\ with a=
2,74 GPa/nm can be adopted. A very recent comprehensive review by Syassen on the
ruby method summarizes presently available literature and addresses the contemporary
efforts aimed at the improving of the ruby pressure scale calibration [116].

The position of the ruby luminescence lines varies with temperature, with a slope of
0.068 A K, which means that a AT~5 K produces the same shift as the application of a
pressure of 0.1 GPa. Therefore a variation of temperature from ambient conditions has
to be taken into account for a precise determination of pressure. Temperature correction
of the ruby pressure scale has been studied in the 1990s [123, 124] and more recently
up to 95 GPa and 800 K [125]. In perfect hydrostatic conditions the ruby fluorescence
technique gives a pressure indetermination of +£0.1 GPa in the 0-10 GPa range and 0.5

GPa for pressure up to 30 GPa. However, pressure gradients on the sample may be larger,
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depending on the pressure transmitting medium used. In the experiments of this Thesis
we have estimated the pressure error due to gradients by measuring fluorescence from 2-3

ruby spheres places in different region of the pressure chamber.

2.2 X-ray Absorption Spectroscopy

When an X-ray beam hits an homogeneous sample of thickness d, its intensity [g is

attenuated according to the low:

I =Ipe " (2.2)

where [ is the beam intensity after the sample and p is the absorption coefficient
which depends on the X-ray beam energy and on the sample density and atomic species.
When the incident energy matches the energy needed to excite the electrons from a deep
layer to the continuum, the absorption increases sharply, showing a peak (or absorption
edge) at that value of the energy. The absorption edges are named following the principal
quantum number of the electronic state excited. For example, the edges K, L1, Lo and L3

correspond to excitations of electrons in the levels 1s, 2s, 2p; /o and 2pg/y respectively.
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Figure 2.7 XAS spectrum for the L3 edge of Uranium in the substance
Calciumuranat(CaUOQy).



28 CHAPTER 2. EXPERIMENTAL METHODS

In the condensed matter, above the absorption edge, a fine structure extending to
about 1000 eV appears. The reason why this fine structure is observed is the following:
the photoelectron emitted in the absorption process propagates like a spherical wave from
the absorbing atom. If other atoms surround the absorber, the wave is scattered back
by them. Thus, outgoing and scattered waves interact constructively or destructively
depending on the energy of the photoelectron and on the absorber-scatterer distance,
increasing or decreasing the absorption intensity respectively. In this fine structure three

regions can be distinguished:
e the edge region, up to 8-10 eV above the absorption edge.

e the X-ray Absorption Near Edge Structure (XANES) region, up to 50-60 eV after the
absorption jump. In this area the photoelectron is able to interact with many neigh-
bors atoms through multiple scattering processes. The XANES contains information

about the electronic structure and geometrical symmetry around the absorber.

e the Extended X-ray Absorption Fine Structure (EXAFS) range, which extends up to
about 1000 eV above the absorption threshold. This region is dominated by single
scattering excitations, in which the photoelectron is scattered only once by each

neighbor, and brings informations about the local structure around the absorber.

An example is shown in Fig. 2.7.

2.2.1 X-ray Magnetic Circular Dichroism

X-ray Magnetic Circular Dichroism (XMCD) measures the dependence of X-ray absorption
on the helicity of the x-ray beam by a magnetic material. It is the X-ray equivalent of
Faraday or Kerr effects which occur in the visible range. The XMCD signal is obtained by
taking the difference between X-ray absorption spectra measured using parallel (u) and
antiparallel (™) orientations of the sample magnetization relative to the incident photon

helicity:

XMCD=p" —pu~ (2.3)

The physical origin of the XMCD effect can be explained by a simple two step model
originally proposed by Schiitz [126] and revised later by Stohr and co-workers [127] as
schematized in Fig. 2.8.

In the first step, right or left circularly polarized photons transfer their angular mo-
mentum, h and -A, respectively, to the excited photoelectron. Because the spin does not
interact directly with the electric field, in the absence of spin-orbit coupling, one can only
transfer the photon angular momentum to the orbital part. This is the case for the exci-

tation from an atomic s core state. If the core-state is split by the spin-orbit interaction,
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the substates are no longer pure spin states. As a result, the photon angular momentum
is transferred to both the orbital and spin degrees of freedom of the excited photoelectron.
This is known as the Fano effect [128]. In fact, a relatively large portion can be trans-
ferred to the spin resulting in spin polarized photoelectrons. For the ps/, initial state (L3
edge), for example, [ and 5 are parallel, therefore a transfer of the angular momentum £
by right circularly polarized light excites more spin up (62.5%) than spin-down electrons
(37.5%). The reverse holds for left circularly-polarized light. For the p; /o initial state (Lo
edge) [ and § are anti-parallel and right circularly polarized light preferentially couples
to spin-down electrons (75% spin-down and 25% spin-up electrons). Again, left circularly
polarized light does the opposite. Taking into account the two times higher population of
the p3/o state, one finds that the spin polarizations of the photoelectron yield from the L
and L3 edges are identical in magnitude and opposite in sign. In the first step, spin-up
and spin-down are defined relative to the photon spin direction, and the discussed effects

are therefore independent of the magnetic properties of the sample.

The magnetic properties enter in the second step. Here the valence shell acts as a
"detector” for the spin and/or orbital momentum of the excited photoelectron. The quan-
tization axis of the detector is given by the magnetization direction which, for maximum
dichroism effect, needs to be aligned with the photon spin direction. If the metal is ferro-
magnetic, an imbalance in empty spin-up and spin-down states will exist and hence the
valence shell can act as a ”spin detector”. Similarly, the valence shell will act as an ”orbital
momentum detector” if there is an imbalance of states with different magnetic quantum
numbers my, i.e. in case of spin-orbit splitting in the valence shell. Therefore, for K-shell
excitation or for summed Lg and Lo spectra, a dichroism effect exists only if the valence
shell exhibits an orbital moment. By separating the L3 and Lo components one becomes

sensitive to the spin.

In the above discussion we have assumed that the magnetization direction is fixed so
that the XMCD intensity is the difference intensity, obtained for two X-ray helicites. It is
easy to show that it is equivalent to fix the X-ray helicity and switch the magnetization
direction [127]. The XMCD arises from directional spin alignment, as in a ferromagnet or
ferrimagnet, and is not sensitive to paramagnetism or antiferromagnetism, which could be

instead discriminated by means of X-ray Magnetic Linear Dichroism.

In the 1990s, concurrent to the XMCD experimental developments, important sum
rules have been derived that link the polarization dependent X-ray absorption intensities
to the ground state properties of the valence band, in particular the number of holes per
atom [129], the spin magnetic moment per atom [130] and the orbital moment per atom
[131]. Because of their significant implications, numerous experimental and theoretical
studies aimed at testing their validity have been carried out but with widely different

results (see [132] and references therein).
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Figure 2.8: Two step model describing polarized X-ray absorption from the L edges.

2.2.2 XMCD on the 3d metals under high pressure

The investigation of magnetism in the 3d metals using XMCD is generally carried out
at the L-edges, which directly probe the spin polarized d final states. However, these
edges are not accessible at high pressure in a diamond anvil cell due to the opacity of the
diamond anvil at such low energies (E=700-900 eV). It is necessary instead to probe the
K-edges making the experiment complex both from an experimental and interpretational
point of view.

As already mentioned, for K-edge excitations the Is core shell has zero angular mo-
mentum and hence no spin-orbit coupling '. The photon spin is thus transferred to the
photoelectron as an orbital angular momentum which can be detected by the valence shell
only if it possesses an orbital magnetic moment itself, that means if the valence band
empty density of states has an unbalance of states with quantum numbers +m; and -m;.
Therefore, for K-shell excitations a dichroism effect exists only if the p valence shell pos-

sesses an orbital moment [133], and sensitivity to the spin moment of the p shell arises

'Tt may however exhibit a small splitting into ms==1/2 states due to the exchange field or an external
magnetic field [16].
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only indirectly through the spin-orbit interaction.
In the 3d metals the orbital angular moment is largely quenched by the crystal field
and the spin-orbit interaction is rather weak, therefore the K-XMCD signal is generally

very small (~ 1073 or weaker) and hard to detect.

2.2.3 Interpretation of the K-edge XMCD signal

The interpretation of the K-edge XMCD signal is nowadays still controversial and it is
quite difficult to extract absolute quantitative information on the magnetic moments. On
the other hand it can be successfully applied to investigate the relative magnetic response
of a material to the application of external agent like pressure or temperature.

K-edge XMCD is due to many contributions but mainly arises from the spin-orbit (SO)
coupling of the photoelectron in the final state. The Thole orbital sum rule [131, 133, 134]
directly relates the integrated K-edge XMCD to the expectation value of the p-projected

orbital moment.

Jiy (@) = = (@) (L), 20

Jioy dwop®(w) np

Based on an atomic approach and the dipolar approximation, its application to the

K-edge of the 3d metals is limited by the assumption of energy independent radial matrix
elements R = (1s|r|4p) which does not apply to the broad and delocalized p final states
[133, 135]. Nevertheless, it was first pointed out by Gotsis and Strange [136] and Brooks
and Johansson [137] that, as the energy dependence of the matrix elements is smooth, the
K-edge XMCD reflects the p orbital polarization in differential form d(L.),/dE. More
recently this has been verified by Antonov and co-workers for the Fe3O4 system [138].
Other theoretical approaches for the interpretation of K-edge XMCD signals based
on multiple-scattering calculations [135, 139-141], claim that an important contribution
to the K-edge signal in the 3d metals comes from the spin-polarization of the d-states
and arises from the scattering of the photoelectron from the spin-orbit potential of the
neighbors and of the absorber. In particular according to [141] the dichroic cross section

is equal to the sum of three terms:

oxyep =Im | Y (=1)""VD [03,(E +il) + 03 (E + L) + 07, (E + il)] (2.5)

s
where 0%, describes the purely atomic contribution to XMCD (related to the Fano
effect), o®1; provides the local contribution due to the spin polarization of the p-states on
the absorbing site, and o°1,, is the contribution due to the scattering of the photoelectron
by the spin-orbit potential of the neighbors and the absorber itself. The p,d,f,...orbitals

of each atom of the cluster give a specific contribution to ¢%y,, . The expansion of ¢%1,
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into orbitals and sites is thus used to determine the physical origin of some peaks of the
XMCD spectra. In the case of Co K-edge XMCD, the main peak at 5 eV results from
the sum of all the three contributions, which have comparable amplitudes; nevertheless as
0%14 and o®1; have roughly the same intensity and opposite sign the main XMCD valley
is mainly due to the p and d components of the o°1,, term [141].

The role of the spin-orbit interaction of the 3d states on the neighboring sites was also
reported by Igarashi and Hirai [134, 142] using tight-binding calculations, and by Guo
[133] within an itinerant electronic model. These authors showed that the XMCD at the
K edge in the 3d metals is determined by the orbital moment on the 3d states through the
p-d hybridization and that the spin-orbit interaction of the 4p states plays only a minor
role. In the tight binding calculation, the SO coupling of the 4p (§,) or 3d (§4) states can
be artificially ”turned off”, revealing a dominant role of £;. An example is shown in Fig.

2.9 for the nickel case.
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Figure 2.9: Tight binding calculation of the K-edge XMCD of Ni by changing the spin-orbit
coupling from [134].

These studies had led to the conclusion that the K-edge XMCD signal should be
somehow proportional to the 3d spin magnetic moment [95], and its pressure evolution
has been often compared to that of the total spin magnetization [42, 63].

One of the aims of this Thesis has been to get a deeper insight into the K-edge XMCD
interpretation by analyzing the K-edge XMCD response under pressure and exploiting the
fruitful collaboration with the ESRF Theory group. Total spin magnetization calculations
by Jarlborg [45] and Mohamed [43] describe quite well the behavior of the K-edge XMCD
under pressure in iron, but this is not the case for cobalt and nickel, as discussed in
the dedicated chapters. The nickel case has been chosen as a first step because of its
simplicity, not presenting structural transitions in the investigated pressure range. Our
results (extensively presented in the Nickel chapter) indicate that the pressure induced
decrease of the Ni K-edge XMCD closely resembles that of the p-projected orbital moment
rather than that of the total spin moment. At very high compression all components (p

and d orbital and spin moments) are suppressed simultaneously. This is not surprising
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since in the 3d metals the orbital moment, quenched by the crystal field, only arises from
the spin-orbit interaction. Therefore, the observation of a non-zero K-edge XMCD signal
clearly indicates the presence of a non-zero spin moment and, as well, the observation of
a zero signal indicates the loss of ferromagnetism.

As a last remark it is important to underline that XMCD (in general, not only from the
K-edge) arises from directional moment alignment and is thus sensible to the net magnetic
moment. Hence, when the signal goes to zero, under the effect of pressure, we cannot
distinguish whether the sample has become really non-magnetic (with zero elementary
moment), paramagnetic or antiferromagnetic since all these configurations correspond to

a zero net moment.

2.3 Polarized XAS under high pressure: experimental de-

tails

Polarized X-ray absorption spectroscopy contains intrinsic structural, electronic, and mag-
netic probes. These are, respectively, EXAFS, XANES and XMCD. The first two are able
to clearly differentiate the signature of the local symmetry, while the third is very sensitive
to polarized magnetic moments variation (as discussed in the previous section). Thus, for
each pressure point, simultaneous information on both the magnetic and the structural
properties of the system can be obtained - i.e. exactly on the same region of the sample and
in the same thermodynamic conditions - without any relative pressure incertitude. This
is very important in the high pressure domain where the reproducibility of high-pressure
hydrostatic conditions is difficult to obtain.

With respect of other magnetic probes which can be performed at high pressure - such
as susceptibility measurements by the inductance method [143], neutron diffraction [144],
Mossbauer spectroscopy [145] and inelastic X-ray scattering [92]- XMCD takes advantage
of its element and orbital selectivity, its sensitivity in the detection of very small mag-
netic moments (0.01pup) and its above mentioned intrinsic information content on local
structural and electronic properties through the XAS signal. Nowadays XMCD is the
only magnetic probe able to reach the 10> GPa range, with the exception of Mdssbauer
techniques [98] whose application is anyway limited by the small number of Mdssbauer
isotopes, which excludes a large number of magnetic materials.

Measuring XMCD at the K edges of 3d transition metal elements on samples subjected

to high pressure is however a very challenging experiment due to the following reasons:

e A very small signal

As explained in the previous section, K-edge XMCD signals originate from the weak
spin-orbit coupling in the final state and are typically of the order of 1073 or less

under saturation conditions.

e Low X-ray transmission
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Best results for high-pressure XAS are obtained in the transmission geometry, where
the X-ray beam passes through the highly absorbing diamonds of the high pressure
cell. The transmission of the X-ray beam at the Fe K edge (7100 eV) through a
pair of 1.2 mm-thick diamonds is lower than 0.4% and falls below 0.07% at 6.5 keV.
Moreover, in order to generate circularly polarized X-rays a phase retarder (quarter

wave plate) has to be used introducing additional absorption at low energies.

e A very small sample

As discussed in sec. 2.1.1, in order the reach the 10> GPa range, the diamonds flat
diameter must not exceed 100 um and the gasket hole diameter will be approximately

one-third of this value. Therefore required sample sizes can be smaller than 20 pm.

Hence the collection of good quality high pressure XMCD data requires: i) spectral
and spatial beam stability, as the required signal-to-noise ratio is obtained by averaging
a large number of spectra; ii) high flux, to compensate for the high level of absorption in
the diamond cell and in the quarter-wave plate and to reach the required signal-to-noise
level; iii) and a small focal spot to avoid renormalization problems due to incident X-ray
leaking around the sample or hitting the gasket.

As will be shown in the next section the energy dispersive geometry in conjunction with
the high brilliance X-ray beams of third generation synchrotron sources are particularly

suited for HP studies using DACs, and fulfill all the technical prerequisites described here.

2.3.1 The dispersive beamline ID24

Beamline 1D24 is the ESRF XAS beamline with parallel detection of the whole spectrum
made possible by energy dispersive (ED) highly focusing X-ray optics [146, 147]. This
beamline has been the first of its kind to be installed on a third generation synchrotron
radiation (SR) source.

The dispersive XAS concept is illustrated in Figure 2.10. A polychromatic beam,
supplied by a SR source, is dispersed and focused by an elliptically curved crystal [148,
149]. Because the incident X-rays strike the crystal at slightly different angles along its
length, the bent crystal acts as a polychromator diffracting a different energy at each
point. This energy-dispersed beam converges to a focal point at the sample position. The
beam, transmitted through the sample, then diverges towards a Position Sensitive Detector
(PSD). The position of the beam, incident in the detector, can be directly correlated to
energy. The X-ray absorption spectrum is obtained by taking the logarithm of the ratio
of Ip data and I; data, where Iy and I; are spatial X-ray intensity distribution in the
absence and presence of the sample, respectively. Harmonic rejection, which is crucial for
samples in highly absorbing environments, is achieved using a system of mirrors placed
before and after the polychromator. In order to produce reliable, accurate structural
data, the EDXAS optics must be capable of delivering a wide bandpass (AE) of radiation

maintaining an adequate energy resolution JE/E.
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Figure 2.10: Scheme of the dispersive XAS concept.

In beamline 1D24 the radiation source consists of three low K tapered undulators in
a high 3 section of the ring. The choice of an undulator is unusual taking into account
that all other operating dispersive XAS beamlines worldwide are installed on bending
magnet or wiggler sources. The latter sources naturally yield the large horizontal di-
vergence (typically a few mrads) necessary to obtain, with reasonable radii of curvature
of the polychromator crystal, an energy dispersion that covers a whole XANES or EX-
AFS spectrum. However, the choice of an undulator has clear advantages [150]: 1. the
possibility to match the bandwidth of emission of the undulators and the acceptance of
the polychromator by optimizing the gap, the taper and the radius of curvature of the
polychromator crystal. This results in a reduction of heat load on the optics; 2. a substan-
tial reduction of unwanted harmonics; 3. higher brightness and lower vertical divergence;
and 4. low monochromatic divergences (horizontal and vertical), which allows the opti-
mal exploitation of the properties of quarter wave plates to tune the helicity of incoming

photons.

The absence of mechanical movements of the energy-dispersive spectrometer during the
acquisition of spectra and the strongly focusing polychromator crystal yield the required
spot stability and dimensions respectively for HP studies using DACs. Instabilities of the
energy scale and misalignment of the beam with respect to the aperture of the gasket are
therefore strongly reduced. Moreover, in the dispersive setup the transmitted spectrum
in the whole energy range is visualized in real time on the PSD. This allows the detection

of the energy position of diffraction peaks from the anvils, and to shift them until they
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disappear from the energy region of interest by changing the orientation of the diamonds.

2.3.2 The HP XMCD setup

Fig.2.11 illustrates the present optical scheme for XMCD measurements. It consists of
a pair of mirrors in a Kirkpatrick-Baez (KB) geometry, a Si polychromator, a diamond
quarter-wave plate (QWP), a third vertically refocusing mirror, a sample environment
(the diamond anvil cell, a spectrometer for pressure calibration and the electromagnet)
and a position-sensitive detector that transforms the energy-direction correlation into an
energy-position correlation [151].

The horizontal divergence necessary to obtain the requested energy bandwidth (AE)
after diffraction from the polychromator is produced by the second KB mirror. Placed at
32.5 m from the source, this strongly focusing mirror creates a horizontally-demagnified
image of the source that becomes the effective source S’ for the polychromator crystal (Fig.
2.10), 1.8 m downstream (34.3 m from the source), and leads to a horizontal divergence
of 1 mrad.

The polychromator vessel is located 64 m from the undulator source. The distance
to the effective source S’ amounts to 29.7 m. The polychromator consists in a curved Si
crystal in a Bragg [152] or Laue [153] geometry. The beam is focused at 1.5 m from the
polychromator crystal at the sample position leading to a horizontal divergence of ~ 30
mrad. Si(111) and Si(311) crystals are used to match the energy resolution/energy band-
width requirements for the specific applications. In the Bragg geometry, X-ray penetration
depth effects at high energies introduce extended asymmetric tails in the reflectivity curve
and in the focal spot distribution, which limit the use of this geometry to the energy range
~ 5-13 keV. Above these energies, a curved asymmetric (o = -6°) Laue crystal is used.

At the energies corresponding to the K edges of 3d transition metals, the full dimen-
sions of the focal spot are below 20 um in both directions (it can reach 5 pm full width
at half mamixum). The total energy range AE diffracted by the polychromator is of the
order of 300-400 eV, allowing access to the edge region (XANES) and to the first few
EXAFS oscillations (up to a photoelectron wavevector ka8-10 A~1).

The QWP is located 750 pum downstream of the polychromator. It consists, for the
energy range of the K edge of the 3d transition metals, of a thin (740 mm) perfect diamond
crystal in the Laue geometry. Its birefringence properties close to a Bragg reflection
transform the linearly polarized incident X-ray beam into a transmitted (non-deviated)
beam with circular polarization very close to unity [154]. The very small source divergence
and the non-dispersivity condition allow circular polarization close to unity to be obtained
on the whole polychromatic and divergent fan [155]. XMCD applications on ID24 currently
cover a wide energy range that extends from the L edges of rare earths (down to the Lg
edge of Ce at 5.7 keV) up to the L edges of 5d metals (up to the Lo edge of Pt at 13.3
keV).

The third mirror is installed on the polychromatic beam after the QWP, 0.6 m upstream



2.3. POLARIZED XAS UNDER HIGH PRESSURE: EXPERIMENTAL DETAILS 37

2D CCD-based QWP First KB mirror
detector
Sample Polychromator Two-tapered
undulator
Third mirror Second KB mirror
] |

- 68 66 65.6 65 64 32 30 0

. / o

Diamond anvil cell

i Spectrometer for

pressure calibration

Electromagnet

Figure 2.11: 1D24 optical scheme and sample environment for XMCD at high pressure
(not in scale).

of the focal point to refocus the beam in the vertical direction at the sample position
[156, 157].

The sample environment has been specifically developed for high-pressure XMCD ap-
plications in order to concentrate in a compact volume the high-pressure cell, the laser
spectrometer for the pressure measurement (Pressure Ruby Luminescence (PRL) system)
and the magnetic field. The high-pressure cell is made of non-magnetic CuBe, manufac-
tured by the Physique des Milieuxr Condensés laboratory at the University of Paris VI.
Its design derives from the Chervin type membrane cell [107]. The HP-DAC is located
on a stack of motorization stages that allows its alignment to the beam: vertical Z and
horizontal X (transverse to the beam direction) translation stages, rotation around the
vertical Z axis and around the horizontal X axis and rotation around the X-ray beam
direction. The last three stages are used to remove diffraction peaks originating from the

diamonds that fall in the energy range of interest.

The XMCD signal is obtained by taking the difference between X-ray absorption spec-
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Figure 2.12: Sample environment for XMCD at high pressure at beamline ID24 (ESRF).

tra measured using parallel (u™) and antiparallel (u~) orientations of the sample magne-

tization relative to the incident photon helicity:

XMCD = pt —p~ =in(If /1) — In(Iy /17). (2.6)

In order to reduce systematic errors, at each pressure, the four symmetry cases of the
XMCD signal, obtained by flipping the helicity of the incoming photons (R/L) and the
magnetic field (T/]), are recorded. The XMCD signals are then calculated independently
for the two polarization cases and averaged.

If the incident intensity does not change in time, then I"g=I"g and

XMCD =pt —p~ =In(I] /I}) (2.7)

However at ESRF the incident intensity decreases with time with electron beam cur-
rent. This can be taken into account by considering the sequence for the measurement of

the transmitted intensity I;:

A Rl GRS
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where n is the number of the 1711 pairs of acquisitions and adopting the following
algorithm for the calculation of the XMCD signal:

n | (1l (1T (2.8)

In this way we effectively suppress linear and exponential drifts of different origins
and work exclusively with the transmitted intensities. This is an advantage of energy-
dispersive XAS, where it is not yet possible to measure simultaneously the incident and

transmitted intensities.
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3
Cobalt

In this chapter we present new high pressure XMCD and XANES measurements on pure
Cobalt providing the first experimental evidence of the pressure induced collapse of its
ferromagnetism occurring across the hep-fee structural transition. In the first part of the
chapter a survey of the previous most significative literature, concerning the cobalt high
pressure magnetic and structural phase diagram, is given. Than experimental details are
presented. Finally our new results are discussed in comparison with previous findings and
novel FEFF and DTF calculation. The coupling of combined magnetic (XMCD) and local
structure (XANES) measurements to theoretical calculations allows to give a complete
description of the high pressure structural and magnetic transitions, highlighting major

differences with the iron case.

3.1 Introduction

Cobalt, situated at the center of the magnetic 3d transition metal series, plays a crucial
role in the systematic understanding of magnetic 3d elements. It is the thirtieth most
abundant element on earth and comprises approximately 0.0025% of the earth’s crust.
Following iron in the periodic table, is potentially important for the properties of the
earth’s core, which is believed to be composed of iron-dominated alloys with perhaps Co
or Ni as minor components.

Cobalt is used in high temperature alloys of the superalloy type because of its re-
sistance when heated up to fairly high temperatures. It also has good work-hardening
characteristics, which contribute to the interest in its use in wear alloys. Cobalt based
materials are attractive for their chemical, magnetic, and electronic properties with po-
tential applications as magnetic data storage and catalysis among others [159-161].

The iron phase diagram has been widely investigated. Being one of the most abundant
elements of the Earth’ mantle and core, its properties are thought to be relevant for various
geophysical processes. Upon compression, its ferromagnetic order vanishes around 10-16

GPa [42, 63, 93, 95] in correspondence to the bee to hep structural transition and the
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onset of superconductivity [73, 162] (see section 1.5). Similar investigations in the case of
cobalt are much more challenging due to the higher pressures involved.

Because of the very similar electronic structure and atomic volumes, the magnetic and
structural behavior of Co at high pressure and temperature may shed light on the phase
diagram of iron. In particular hcp cobalt is considered an analogous element to understand
elasticity properties of the high pressure hcp phase of iron. In this sense, the study of cobalt
provides some advantages with respect to iron: 1) cobalt crystallizes in the hep phase at
ambient conditions, while the hexagonal phase of iron cannot be quenched to low pressure;
2) it is possible to study single crystal elastic properties of cobalt, while, to date, no single
crystal of hep iron has been grown, even at high pressure. However, a major drawback in
using cobalt as an analogous material for hep iron is the fact that cobalt is ferromagnetic,
while hcp iron is nonmagnetic. Thus, in order to properly interpret the experiments on

elasticity in cobalt, its high pressure magnetic state must be well understood.

3.2 Extreme conditions structure and magnetism in cobalt

3.2.1 The HP/HT phase diagram

Under ambient conditions cobalt crystallizes into a ferromagnetic hep structure [163, 231],

often coexisting with a metastable cubic close-packed fcc phase [165, 166].
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Figure 3.1: The phase diagram of cobalt from ref [61]

This is in contrast to the 4d and 5d counterparts Rh and Ir, which show nonmagnetic
fce structure. The fact that the hep structure is more stable than the fcc structure in Co
is due to the presence of magnetism, and this has been explained in detail [30]. Among
all the elements or ordered compounds, cobalt exhibits a nonzero magnetic moment over

the largest P-T domain.
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The hep (€) phase of Co transforms martensitically! to the fcc 4-Co structure at high
temperatures near 700 K; the mechanism of this transformation has been well described
[167-175]. The HT ~-Co structure is ferromagnetic and stable up to the melting temper-
ature which is near 1770 K [231] and results to be quenchable at ambient temperature in
a wide pressure range [175]. Fcc Co becomes paramagnetic above the Curie temperature
T.=1400 K at ambient pressure and a slight increase of T with pressure was reported up
to 25 GPa [54].

Under pressure at room temperature, another martensitic hep-fee structural phase
transition occurs over an extended pressure range, from around 100 GPa to around 150
GPa [61]. The high-pressure fcc phase of cobalt is generally thought to be non magnetic,
according to the filling factor of the 3d electronic band [28] (see section 5.37), and favored
with respect to the hep-ferromagnetic phase starting from 80-100 GPa [42, 45, 50-52, 61,
99] (see sections 3.2.2 and 5.2.2).

A new metastable ¢’ d(double)hcp-Co phase was also reported occurring during the
quenching of the HT 7-Co below 60 GPa [175]; a similar dhcp structure had previously
been observed for Fe at high pressures [75, 76, 176]. This structure is likely stabilized due

to the decrease in magnetism and strong spin fluctuations at high temperatures [175].

In the following sections the room temperature-high pressure magnetic and structural
properties will be reviewed in more detail as they are more relevant for comparison with

the results presented in this Thesis.

3.2.2 High pressure structure

As mentioned above, the hcp structure in Co is retained over a large pressure range
(P<100 GPa). The equation of state (EOS) of hep Co has been widely investigated both
experimentally [61, 62, 165, 166, 202, 275] and theoretically [43, 49-52, 99].

In 2000 Yoo and co-workers [61] reported the first evidence of a pressure induced hep-
fcc transition in cobalt (Fig. 3.2), characterized by no change in volume and a broad
coexistence range (about 100-150 GPa). Such a big interval of co-existence was attributed
to the small energy difference between the two phases [175] and to a possible non hydro-
staticity of the sample.

Theoretical calculations predict the HP fcc structure, named (-fcc, to become ener-
getically favorite with respect to the hep around 100 GPa [50-52, 175] in agreement with
the observed experimental onset; however also lower values of 70—80 GPa [45] and higher
values of 145 GPa [52] have been reported. The calculated volume change is 1-3% [50, 51]
and the hep-fee structural transition is classified as a first order one [51].

The hep and fee structures differ only in their stacking sequence of the planes (Fig. 3.3),

so the transition requires relatively small atomic displacements and thus occurs martensit-

1Cf. 2 at pag.17.
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Figure 3.2: left: Energy dispersive x-ray diffraction patterns of cobalt at high pressures
from [61], showing a phase transition from hcp Co to fcc Co above 100 GPa. right:
experimental [61] and theoretical [50] EOS of hep and fee Co.

ically [8,18]. The calculated energy difference between the fcc and hep phases is less than
4 mRy/atm between 100 and 150 GPa and the bulk modulus and density of the P-induced

fee structure result to be higher compared to hep-Co.

Figure 3.3: hcp and fec structures.

In the XRD experiment by Yoo and co-workers the c¢/a ratio of the hep phase is equal
to 1.615 up to 80 GPa; at higher pressure it increases rather continuously, reaching the
ideal value 1.63 at 110 GPa and 1.65 at 150 GPa, clearly suggesting a deviation from a
close packed structure. This is in contrast to theory which predicts the c¢/a ratio to remain
close to 1.62 up to 200 GPa [99, 175]. Interestingly another XRD work by Antonangeli

and co-workers reports an inversion in the pressure evolution of the axial c/a ratio of the
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hep phase around 75 GPa [166] (Fig. 3.4), at the same pressure at which anomalies in
the elastic and vibrational properties occur (see section 3.2.3). Calculations suggest a
magneto-elastic effect as a possible driving factor: compression induces a slow reduction
of the magnetic moment up to 70—80 GPa, above which the magnetism is rapidly lost
and the axial ratio c¢/a of ferromagnetic cobalt changes its pressure derivative, coming up
to match the c/a values of nonmagnetic cobalt (inset in Fig. 3.4). Similar arguments
are invoked to explain elastic anomalies reported in the same pressure range (see section
3.2.3).
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Figure 3.4: Pressure evolution of the axial ratio from [166]. Inset: theoretically predicted
pressure evolution of the magnetic moment (crosses) and computed values of magnetic
(full squares) and non-magnetic (empty squares) c/a.

3.2.3 Elastic anomalies

The high-pressure phase transition is preceded by an anomalous elastic behavior in the
hep phase. Measurements of the Raman active transverse optical TO phonon mode, which
can be related to the shear elastic constant [179, 180], show a change in slope of the Eqg
mode Gruneisen parameter near 60 GPa [181] (Fig. 3.5 panel b). The measurements of
aggregate elastic constants by both impulsive stimulated light scattering (ISLS)[181] and
inelastic x-ray scattering [182] show an even more anomalous behavior, with the shear
modulus softening in the range of 70—100 GPa. This is best seen in deviations from
an expected linear density dependence of longitudinal (vy) and transverse (vr) acoustic
velocities with a sublinear relation and even softening in vz, and vr (Fig. 3.5 panel a).
Calculations [50, 52] demonstrate that all these elastic anomalies coincide with the
onset of the loss of ferromagnetism in the hep Co phase (see next section), thus suggesting

a magneto-elastic coupling between acoustic phonons and spin wave branches (magnons)
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Figure 3.5: Co elastic anomalies. a) Aggregate compressional (upper panel) and shear
(lower panel) sound velocity of polycrystalline hep cobalt as a function of density from
[182]. IXS results (full squares) [182]; ambient pressure ultrasonic results [183] (open
diamond); ab initio calculations [52] (open circles); ISLS measurements [181] (solid trian-
gles). The limits of the phase stability [61] are indicated by dashed lines. b) Esg phonon
frequency as a function of pressure: theory and experiment [50, 181]. Open squares are
for nonmagnetic hcp-Co. c¢) Single crystal elastic constants of hep cobalt. Filled circles
show the results from the magnetic computations and open circles from the nonmagnetic
computations. Experimental results for single crystal elasticity are included for ultrasonic
measurements at ambient pressure (purple diamonds) [183]; inelastic x-ray scattering (blue
up triangles) [182]; and impulsive stimulated light scattering (red down triangles) [181].

[184, 185] as the driving factor.

3.2.4 High pressure magnetism

Several calculations in the literature, mainly based on the density functional theory (DFT),
describe the magnetic behavior of both compressed hep and fee Co phases [43, 45, 50—
52, 99, 175]. The calculated magnetic moment of both the hcp and fec phases de-
creases with increasing pressure. This is qualitatively understood in the framework of
the Stoner—Wolfahrt model: compression leads to the broadening of the bands contribut-
ing to a lower density of states at the Fermi level such that the magnetic state stability
condition given by the Stoner criterion is no longer met.

There is a general agreement on the qualitative trend of the moments suppression and
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on the fact that the fcc structure should loose its magnetic moment at lower compression
respect to the hep, although there is some incertitude in the values of the critical pressure
for magnetization extinction for both phases. The initial slow and virtually linear decay in
both phases up to 60—80 GPa is followed by a more rapid decrease until total suppression
at 80—120 and 140—180 GPa for the fcc and hep phase respectively, as sketched in Fig.
3.6. Only two theoretical studies in the literature report very different results: in Yoo et
al. (1998) [175] the situation for the two phases is reversed as hep-Co looses its magnetism
at 60—110 GPa before fce-Co (60—160 GPa); GGA+U 2 calculations by Mohamed and co-
workers [43] show both hep and fee phases to be still ferromagnetic at 200 GPa. However,
this kind of calculations are likely unreliable as the pressure evolution of the U parameter is
unknown; in fact other important discrepancies were reported by the authors with respect

to experiments when the GGA+U approach was used.
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Figure 3.6: Pressure evolution of the magnetic moment for fcc-Co (green) and hep-Co
(blu) taken for refs. [43, 45, 50-52, 166] and pressure interval where the hep-fee transition
is commonly reported [50, 51, 175](dashed area).

In the calculations, the hcp-fee structural transition is placed in correspondence with
the loss of magnetic moment of the fcc phase [45, 51| or around 20 GPa afterwards [50, 52].
In both cases the pressure-induced fcc structure in cobalt is expected to be non-magnetic.
It should be noted that all the above mentioned DFT calculations do not include thermal
contributions to the free energy, therefore the resulting predictions represent the OK phase
stability of Co.

Experimentally, the high pressure magnetism of cobalt was firstly probed by two K-

2Ab initio calculations based on the density functional theory (DFT) in which the generalized gradient
approximation (GGA) is used with an additional Hubbard-U term for the treatment of strong on-site 3d
electron-electron interactions.
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edge XMCD systematic studies on the 3d metals by Ishimatsu and co-workers [63] and
Iota and co-workers [42] in 2007 respectively reaching 39 and 100 GPa. In these studies
a continuous linear decrease of the XMCD signal was observed but the total suppression
of ferromagnetic order was not reached. Basing on the measured reduction of the XMCD
signal, the total disappearance of the magnetic moment in Co was estimated to occur
around 150 GPa, i.e. at the end of the structural hcp-fce transition. During the time of
this Thesis, Ishimatsu and co-workers have extended the pressure range of investigation
up to 170 GPa [65] (Fig. 3.7). From the observed spectral changes in both XANES
and XMCD they are able to distinguish three pressure regions: an hcp phase stability
range (0-80 GPa), the hep-fee coexistence interval (80-130 GPa) and the fcc phase region
after the transition is completed (130-170 GPa). The difference in the onset and width
of the structural transition is attributed to the non-hydrostatic conditions. The K-edge
XMCD signal is again seen to decrease linearly from its ambient value, presenting a small
discontinuity in correspondence with the onset of the hep-fee transition at 80 GPa but a
residual non-zero signal (around 10% of the initial value) remains after 130 GPa up to
the maximum pressure of 170 GPa (Fig. 3.7 panel b). This is in contrast with all the
above mentioned theoretical prediction of a non-magnetic HP fcc structure. Basing on
field depended measurement (Fig. 3.7 panel c), the authors suggest the existence of an

HP paramagnetic fcc phase with anomalously large susceptibility.
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Figure 3.7: a) K-edge XMCD measurements in cobalt up to 170 GPa from [65]; b) XMCD
integral as a function of pressure [65], ¢) magnetic field dependence of the XMCD ampli-
tude at 152 GPa [65]

The trend reported for the K-edge XMCD signal under pressure in the three exper-
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iments is in contrast with spin magnetization theoretical predictions as the calculations
show an initial small pressure dependence of the moment followed by a more rapid decrease
(for both phases), whereas XMCD data show a linear decrease over the whole pressure
range. The behavior of the XMCD signal is also in disagreement with observed increase in
the Curie temperature at low pressure [54]. We have found an analogous trend in our data,;

the possible reasons for this discrepancy are given in the results and discussion section.

3.3 Experiment

We have performed two high-pressure room-temperature XANES/XMCD experiments at
the Co K-edge (Eg=7709 ¢V) on the beamlines ODE (Soleil) and ID24 (ESRF) [94, 186].
Beam focus sizes were 25x35 and 5x5 pm? FWHM respectively at the sample position.
The pressure range covered was up to 94 GPa on ODE and up to 120 GPa on ID24.
Non-magnetic Be-Cu membrane diamond anvil cells (DAC) of the Chervin design [107]
were used with single bevel diamond anvils with 100 gm culets. A rhenium gasket (prein-
dented from 200 pm to around 15 pm thickness) was loaded with the Co sample (4pm
thick high-purity foil 99.9998% from Goodfellow Ltd) and a ruby chip. Argon and silicone
oil were used as pressure-transmitting media for the ODE and ID24 experiments respec-
tively. Consistent XANES and XMCD results have been obtained in the two experiments,
suggesting that the different degree of hydrostaticity did not significantly affect our mea-
surements. The pressure was measured by the ruby fluorescence technique [187], but as
the ruby signal was lost above 80 GPa on ID24 the pressure was also determined by the
change in interatomic distances measured by EXAFS (Extended X-ray Absorption Fine
Structure)[88]. Pressure values obtained using the two methods (EXAFS and ruby) for
P< 80 GPa were found to be consistent. The co-existence of hep and fcec Co above 80
GPa (see section 3.4) is responsible for larger errors in the pressure determination. Com-
pressibility values of the two phases, taken from [61, 62], were used to correlate changes in
interatomic distance with changes in pressure. Our XMCD measurements were performed
using a 0.7 T magnet on ID24 and a 1.3 T magnet on ODE. Both fields gave rise to the
same normalized intensity of the XMCD signal on Co foil at ambient conditions (-0.002),
directly proving that a magnetic field of 0.7 T is sufficient to saturate the sample. More-
over the measured XMCD signal intensity is the same as that reported in the literature

for similar foils reaching saturation [42, 188].

3.4 Results and discussion

Fig. 4.5 shows the combined XANES and XMCD data recorded on ID24. The absorption
energy range is limited to the XANES and first EXAFS oscillation. Three features (labeled
A, B-B’, and C) can be identified. Upon compression, we observe a continuous increase

in the intensity of feature A at E=4 eV from the edge (energy of the ”dipole forbidden”
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1s-3d quadrupole transition). This phenomenon has been reported [42, 63, 193] for all the
3d metals at high pressure and has been ascribed to an increase in the p-character of the
d-bands, which adds ”dipole allowed” intensity to this transition. Pressure indeed favors

3d-4p overlap (hybridization), as the 3d bands widen and the 3d electrons become more
delocalized.
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Figure 3.8: Normalized K-edge XANES (left) and XMCD (right) spectra of cobalt as a
function of pressure (ID24).

The double peak feature B B’ (19 and 24 eV from the edge) changes shape under
compression: the two peaks (B and B’) become more defined and their relative height is
inverted above 80 GPa. A similar profile of the B’and B’ features is observed in fcc Fe-Ni
alloys and pure fcc nickel XANES. Finally the intense peak C, at E= 50 eV after the
edge, becomes sharper and more pronounced and shifts to higher energies with pressure.
The overall shift of the spectra towards higher energies is a typical effect of compression
[42, 63, 193] and is proportional to energy, i.e. the higher the energy position (with respect
to the edge Eq) the bigger the energy shift due to pressure (see next section) [65].

XANES Data treatment

The raw absorption spectra were corrected subtracting a pre-edge linear background and
normalized to the jump edge discontinuity using the program Athena (IFEFFIT pack-
age [190, 191]). The above mentioned P-induced energy shift of the spectra results to
be approximately linear with energy: AFE= c¢-E (see the Nickel chapter for an accurate
discussion and [65]). Therefore re-plotting the spectra at each pressure as a function of

the abscissa (E — Ey)/Ec¢ (where E¢ is the energy position of feature C whose energy
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shift movement can be clearly detected) allows to minimize the influence of the lattice
contraction and consequently to better detect subtle changes in the XANES due to pres-
sure application. This is represented in Fig. 3.9. From the zooms of features A, B B’ and
C (insets of figure 3.9) the pressure variation of the XANES spectra can be divided in (at
least) two regions: P<80 and P>80 GPa suggesting P~80 as the pressure onset of a local
structural transition. This is also seen in the pressure evolution of the XANES integrals
(integration up to half of peak C): the integrals show a constant value within the error
up to 40 GPa followed by a jump of 4% at 80 GPa. Above 80 GPa, the XANES integrals

increase continuously, a hint that the transition is not complete at 120 GPa.
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Figure 3.9: left: normalized K-edge XANES spectra of cobalt plotted as functions of
(E — Ey)/Ec. right: XANES integrals evolution under pressure

A very similar behavior is reported in an analogous work by Ishimatsu and co-workers
[65]. In that work the authors are also able to detect another variation in the XANES
spectra occurring at 130 GPa, after which pressure the XANES feature remains stable up
to 170 GPa. The authors interpret the three pressure regions as corresponding to the hcp-
Co structure stability range, the hep-fee coexistence region and the fce structure stability
range after the transition is completed. In our data a second variation is observed in the
zooms of features B B’ and C at the pressure of 120 GPa but less significantly in feature
A and in the XANES integral evolution.

FEFF simulations

In order to interpret the evolution of the data with pressure, XANES simulations using
the FEFF8 package [194] were performed (Fig. 4.9). The atomic Co clusters were built
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using the crystallographic parameters of compressed hep and fee phases found in [61, 166].
Simulations show that main differences in the XANES corresponding to the two phases
are visible close to the edge (peaks B and B’) and arise mainly from the changes in the
atomic arrangement within the first 5 A from the absorber (i.e. within the first four shells

in the fcc phase).
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Figure 3.10: Simulations of XANES spectra using the FEFF code [194] (left) and compar-
ison with experimental XANES spectra (right). The atomic clusters for Co are built using
the crystallographic parameters of the structurally distorted hep and fce phases found in
[61, 166]. The solid lines are models of our XANES data while the dashed lines show the
spectra expected for pure hep or fcc phases. Above 80 GPa some combined hep and fcc
character is observed in our data.

The trend in the experimental XANES data (Fig. 4.5) can be well reproduced using
a pure hcp phase up to about 60 GPa. In this region better profiles are obtained using
a and c¢ parameters from Antonangeli et al. [166]. Our data thus confirm the initial
decreasing behavior of the c¢/a ratio which was not detected in the XRD work by Yoo
et al. [61]. Starting from 80 GPa the XANES data are better reproduced assuming the
presence of a small fraction of fcc atomic configurations. We estimate that at 120 GPa the
fce phase fraction is at least 40%. This in agreement with the hep-fee coexistence pressure
range found in XRD measurements [61]. As illustrated by the top spectrum in Fig. 4.9,
attempts to reproduce the 120 GPa spectrum with a pure hcp structure are definetively
unsatisfactory. Nonetheless, a precise evaluation of the fcc/hep phase fraction cannot be
performed as the intensities of the simulated XANES features depend on the simulation
parameters. The pressure onset for the detection of this phase transition is slightly lower

compared to the X-ray diffraction (XRD) investigation of [61], where the onset of the
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transition was found to occur near 92 GPa ([61]-inset of Fig. 2). This difference is not
surprising because the presence of randomly distributed small (<10;1) fee-like Co clusters
would be invisible to XRD.

These local transformations can be at least qualitatively related to the observed vari-
ations of the ¢/a axial ratio [61, 166] and to the anomalies in the elastic moduli [52, 182]
reported in literature around 80 GPa and the hep-fce phase transition can be schematized,
from the local structure point of view, as a progressive symmetrization process. In the
following discussion, for sake of simplicity, we will refer to ambient local structure con-
figurations. Ambient hcp-Co is generally characterized by a "non-ideal” axial ratio value
¢/a~1.62 [61, 165, 166]. In this configuration an atom placed in the origin is surrounded
by 6 shells of atoms within the first 5 A as reported in Table 3.4 first column. As soon
as the ¢/a ratio increases up to the ideal value 1.63, as reported after 80 GPa [61, 166], a
symmetrization of the 1st and 4th shells occurs (Table 3.4 second column). The transition
to fcc results into a further symmetrization of the local structure i.e. a reduction to 4
shells in the first 5 A(Table 3.4, third column). This last step implies the slipping of
the basal plane, favored by the softening of the elastic shear modulus Cyq ([52, 182], see
section 3.2.3), which controls the shear strain in the basal plane. This is analogous to the
temperature-driven martensitic hep-to-fee transition which is triggered by 27% softening
of Cyq [174].

non ideal-hcp ideal hcp
c/a~1.62 c/a=1.63
shell distance (A) N | distance (A) N [ distance (A) N
1 2.49 6 2.5 12 2.50 12
2.50 6
2 3.54 6 3.54 6 3.54 6
3 4.07 2 4.07 2 4.34 24
4 4.34 12 4.33 18 5.1 12
4.35 6
5 4.79 12 4.78 12
6 5.02 6 5.0 6

Table 3.1: Ambient local structure configurations for ideal-hcp, hep and fce symmetries
within the first 5 A.

XMCD measurements

The rough XMCD data were normalized to the absorption edge step and the instrumental
background was subtracted using a second or third order spline. For the XMCD data it is
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not strictly necessary to re-plot the data versus the abscissa (F — Ey)/E¢ as compression
does not affect the edge region in terms of energy shift. The right panel of Fig. 4.5
presents the XMCD normalized spectra obtained on ID24. The XMCD spectrum consists
of a main negative peak (7 eV) followed by a large positive structure (17-24 eV). According
to multiple scattering calculations the main negative structure in the Co XMCD spectrum
results from the photoelectron scattering by the spin-orbit potential in d and p shells of
the neighboring Co atoms [141].

In Fig. 3.11, we represent the integral of the absolute value of the XMCD signal,
calculated in the energy interval corresponding to the main negative peak, versus pressure.
The error in the XMCD integral has been evaluated taking into account the area of noise
and some possible errors coming from the background subtraction. Our data are in good
agreement, within the error bars, with the linear decay observed in refs [42, 63, 65] even
though our error bar does not allow to distinguish the small jump at 80 GPa pointed out
by [65] in correspondence with the onset of the hcp-fee local structural transformation
and elastic anomalies. However a slight inflection of the data trend is observed after P=80
GPa. Most importantly, we report the total extinction of the signal at 120+10 GPa.
Indeed the collapse of ferromagnetism does not seem to coincide with the complete hcp-
fce structural transformation at 150 GPa [61], as previously suggested [42], but to occur
at an earlier stage. However a precise determination of the high pressure phase in cobalt,
corresponding to a zero XMCD signal, would require a combined XAS-XRD experiment.

On the basis of the present results we point out that the pressure evolution of mag-
netism and structure in Co reveals major differences with respect to the Fe case. In the
latter, ferromagnetism is almost not affected by compression until its abrupt suppression
at the bee-hep phase transition [42, 63, 93]. In the former, compression has an immediate
effect on ferromagnetim, causing a continuous strong linear decay until total suppression
at 120 GPa. Moreover, the structural changes observed at 80 GPa seem not to impor-
tantly affect the HP Co magnetism. In fact, even if the small jump detected by Ishimatsu
and co-workers is considered, this represents a little variation compared to the intense and
early decrease of the XMCD signal starting before the transition.

Our results do not agree with the latest from Ishimatsu and co-workers [65] in which
a residual XMCD signal is reported up to 170 GPa (Fig. 3.11). On the basis of field
dependent XMCD measurements (Fig. 3.7), the authors of ref. [65] support the existence
of a paramagnetic state with an anomalously large susceptibility. The detection of a
paramagnetic state is quite surprising as the maximum filed applied was 0.6 Tesla, and the
temperature of measurement was not reported (so we assume it was room temperature).
Indeed the measurement of a paramagnetic phase by means of XMCD generally requires
very high fields (=7 Tesla) and low temperatures (~20K) [201].

However, such a different result stimulates further experimental work especially aimed
at the coupling of high pressure - low temperature conditions allowing to disentangle the

moment suppression from Curie temperature effects. We are currently working on the
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Figure 3.11: Integral of the K-edge XMCD signal of Co in arbitrary units (red full and
empty circles) and comparison with data from [65] (full black squares).

improvement of our setup on beamline ID24 in order to realize this kind of experiments.

DTF Calculations

Density functional calculations (DFT) have been performed by our collaborator Dr. E.
Pugh from the University of Cambridge to model the pressure dependence of the spin
magnetic moment of hep and fee structures of Co. Self-consistent local spin-density ap-
proximation calculations were performed using the linear muffin tin orbital method [195—
197]. The 4s and 3d electrons were treated as valence electrons and all others included in
the core. The fcc and hep calculations were performed on a mesh of 897 and 819 k-points
respectively in the irreducible wedge of the Brillouin zone. Their pressure dependence has
been modeled using a semi-empirical method utilizing the Birch equation [198] and the
experimental data for both the hcp and fee phases from reference [61]. The resulting pres-
sure dependence of the spin magnetic moment is shown in Fig. 3.12. The ambient pressure
spin magnetic moment from these calculations of 1.59u; is in quite good agreement with
the experimental value of 1.58u; [199].

The calculated magnetic moment of both the hcp and fcc phases decreases with in-
creasing pressure. The initial slow and linear decay in both phases is followed by a more
rapid decrease until total suppression at 140 and 90 GPa for the hcp and fcc phase respec-
tively. This predictions fall in the range indicated by previous calculations [45, 50-52, 99|
(see Fig. 3.6).

In Fig. 3.12 we compare the DTF calculations to a linear fit of our XMCD data re-

scaled to the ambient Co spin moment. It is important to note that the DFT calculations
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Figure 3.12: Theoretical calculations of the evolution of the spin magnetic moment of hcp
and fcc cobalt with pressure. The red line represent a linear fit of the XMCD data rescaled
to Co ambient pressure spin magnetic moment. In dashed the hep-fee co-existence region
indicated by XRD [61].

compute the magnetic moment at 0K conditions whereas our XMCD experiments are
performed at ambient temperature and probe ferromagnetism (ferromagnetic order). To
the best of our knowledge no estimations of the Curie temperature pressure dependence
in cobalt are available above 25 GPa [54]; therefore, Curie temperature effects, disrupting
the ferromagnetic order, cannot in principle be excluded. Also, the calculations are for
either pure hcp or pure fcc phases while our data show that above ~80GPa we enter a
mixed hep/fee state which has not been modeled by DFT and may be complex in nature
[200]. The total extinction of the XMCD signal occurs in a region (120£10 GPa) where
theory predicts that the fce structure is non-magnetic and the hep structure is about to
loose its magnetic moment (135 GPa). If pressure errors are taken into account, this
suggest that the HP mixed hcp-fee phase after 120 GPa is actually non-magnetic. Again,
we highlight important differences with respect to Fe. In the latter, the hcp phase into
which Fe transforms is predicted to be non-magnetic long before the phase transition; in
Co, the fcc phase into which Co transforms, looses its magnetic moment close to the phase
transition pressure [42, 50, 51, 61, 99] (Fig. 3.12).

The main difference between the calculations and the XMCD measurements is that
for both hep and fee states the calculations show an initial small pressure dependence of
the moment followed by a more rapid decrease, whereas our XMCD data show a linear
continuous decrease over the whole pressure range within the error bar until complete
suppression. We can invoke two possible reasons to account for the observed disagreement

between experiment and theory:
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1. the occurrence of Curie temperature effects (T, becoming comparable or lower to

room temperature below 80 GPa);

2. an inadequacy of this type of calculations: the presumed proportionality of the
K-XMCD signal integral with the total spin moment, as suggested by multiple scat-
tering studies [135, 139, 140] (see sec. 2.2.3) may not apply and the proportionality
to the orbital p-projected moment should be checked, as we showed in the nickel
case. Indeed in Ni, the decay of the K-edge XMCD signal integral, induced by com-
pression, closely follows that of the calculated p-projected orbital moment (see the
Nickel chapter).

3.5 Conclusions

New XMCD and XANES measurements coupled to FEFF and DFT calculations give a
complete description of the structural and magnetic Co phase transition which had not
been done before, highlighting major differences with the Fe case. A continuous reduction
of the XMCD intensity is observed until complete suppression at 120+10 GPa, providing
the first experimental evidence of pressure induced extinction of ferromagnetism in Co.
In parallel we document a progressive change in the arrangement of the first atomic shells
from an hcp- to an fec-like local structure starting from P80 GPa, providing a coherent
scenario which correlates well with elastic [52, 182] and structural [166] anomalies reported
in the same pressure range. The magnetic response in Co seems to be uniquely affected
by compression and not by structural modifications. Our combined experimental and
theoretical results support the total disappearance of spin magnetization (local magnetic
moment) in the mixed hep/fec phase around 120£10 GPa. Nevertheless the different be-
haviors in the pressure evolution of the theoretical spin magnetization and XMCD signal
decay, observed prior to the structural phase transition, stimulate further theoretical work.
The present results thus represent a severe benchmark for theoretical models addressing
the description of extreme condition physics in the 3d metals. Moreover the disagreement
found with most recent analogous K-edge XMCD results [65], suggesting the existence of
a HP paramagnetic state above 130 GPa, claims for further experimental work aimed at

the coupling of HP and HT conditions.

The present results are published in PRB rapid communication [64].
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4
Nickel

The structural stability of fcc Ni over a very large pressure range offers a unique oppor-
tunity to experimentally investigate how magnetism is modified by simple compression. In
this chapter we present high pressure K-edge XANES-XMCD measurements coupled to
XRD measurements on pure Nickel up to 200 GPa. Our data show that fcc Ni is struc-
turally stable and ferromagnetic up to 200 GPa in contrast to the recent prediction of
an abrupt transition to a paramagnetic state at 160 GPa. Moreover, novel DFT calcu-
lations allow to get an insight into the different behavior of orbital and spin moments in
compressed Ni, pointing out that the pressure evolution of the Ni K-edge XMCD closely
follows that of the p projected orbital moment rather than that of the total spin moment.

The disappearance of magnetism in Ni is predicted to occur above 400 GPa.

4.1 Introduction

As cobalt, nickel plays an important role in understanding the physics and chemistry of
Earth’s interior, due to the analogies in properties with iron, which is assumed to be
an essential constituent of the Earth’s core. Beside this, nickel has its own geophysical
importance as possible minor constituent of the Earth’s core: according to Liu [202] nickel
should be the third (4.68 w.%) and the second (5.14 w.%) most abundant element in the
inner and outer core, respectively. Moreover nickel has great importance in many materials
like Ni-based superalloys.

The fundamental interest in nickel stems from its simplicity. As discussed in the
previous chapters, in iron and cobalt the collapse of ferromagnetism with pressure is
related to a structural phase transition: the bee-hep around 13 GPa ([93] among others)
and the hep-fee at 2120 GPa [64] respectively. The pressure limit of ferromagnetism in Ni
is still not established, and the fcc structure is stable in a very large P-T interval. In fact,
neither pressure nor temperature induced structural transitions have been ever reported
in the so far explored P-T range: up to 150 GPa at RT and up to melting temperatures
in the 0-110 GPa range. Such a high structural stability offers a unique opportunity to
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investigate how the simple compression of the interatomic distance influences the magnetic

properties.

4.2 Extreme conditions structure and magnetism in nickel

4.2.1 The HP/HT phase diagram

At ambient conditions Nickel crystallizes into a ferromagnetic fcc structure. At room
temperature the fcc symmetry is retained up to at least 150 GPa as seen by diffraction
[62]. Theoretical calculations agree on the high pressure stability of the fcc phase in the
102 GPa range [43, 45] and according to McMahan and Alberts fcc Ni should be still
stable at 34 TPa [35]. At high temperature the fcc phase is preserved up to the melting
in the 0-110 GPa range [54, 203]. The Curie temperature (T.) of Ni is 631 K at ambient
pressure [37, 53]. Permeability measurements show that T. increases up to 15 GPa with

some tendency to saturation [37, 53].
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Figure 4.1: Right: the phase diagram of Nickel from refs [37, 53, 54, 60]. Left: zoom of
permeability data from [53].

A very recent work based on first-principles calculations and partition function ap-
proach [60] predicts T, to start decreasing sharply around 120 GPa and reaching ambient
temperature around 160 GPa, in disagreement with previous estimations by Tissen who
calculated that T, reaches the ambient value around 300 GPa [59].
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4.2.2 High pressure magnetism

All the available calculations agree in predicting a stable ferromagnetic fcc phase in nickel
up to the 102 GPa range [43-45] with the spin magnetic moment slowly decreasing from
the ambient value 0.6 pp/atom to 0.48 pup/atom around 300 GPa [45]. When strong
correlations are included, within the GGA+U! method, the Ni ambient spin magnetic
moment increases [43] (0.65 pp/atom), but the rate of pressure induced magnetization
decay remains the same. The recent calculations from [43] show that, even though the fcc
ferromagnetic phase remains favorite, its total energy becomes very close to that of the

non-magnetic fcec phase starting from 170-180 GPa.
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Figure 4.2: Theoretical spin magnetization in nickel as a function of pressure: continuous
line is from [44], dash and dot line are from [43] referring to GGA and GGA+U methods
respectively, stars are from [45]. In scatter K-edge XMCD data from [42] (red triangles)
and [63] (blue squares) rescaled to the nickel ambient spin moment value.

K-edge XMCD has been measured for pure nickel up to 48 [63] and 52 [42] GPa.? Both
works show a linear decrease of the K-edge XMCD signal, just like in the case of cobalt
but with a smaller rate.

In Fig. 4.2 the evolution of the XMCD integral under compression is compared to
that of the calculated spin magnetization. As in the cobalt case, the K-edge XMCD signal
decreases much faster than the computed spin moment.

One of the aims of our study has been to shed light on this different behavior and to

ef. note 2 in page. 47.

2 Actually the work from [42] reports a last point at 70 GPa, but as the XMCD shape is very distorted,
this point is likely unreliable. In fact the XMCD integral at 70 GPa results to be very small (0.3 in scale
of up/atom) and out of trend with respect to the lower pressure data.
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Figure 4.3: Pressure dependence of the K-edge XMCD integral in Fe Co and Ni from [63].
The rate of XMCD integral linear decrease is lower in Ni (full circles) than in Co (empty

squares).

extend the measurements to much higher pressures. Our analysis, based on the comparison
with both spin and orbital calculations, points out a proportionality of the K-edge XMCD

to the p-projected orbital moment, instead of the spin moment. This will be discussed in

the following sections.

4.3 Experiment

High purity polycrystalline Ni powder was charged in an amagnetic Diamond Anvil Cell
(DAC) equipped with beveled 75x300 culets diamonds [204]. No pressure transmitting
medium was used.

In order to gain stability a slightly modified setup was conceived made up of only
essential motors. In particular we eliminated the tilting motors which allowed to rotate
the diamond anvil cell with respect to the z and y axis. These rotations are generally
used to remove diamonds glitches when present; in this experiment, when necessary, these
movements have been performed by hand. This simplified setup allowed us to improve the
signal to noise ratio by more than a factor 2 and get rid of instrumental background.

For each pressure the volume compression was measured on beamline 1D27 at the
European Synchrotron Radiation Facility (ESRF) [205].

As shown in Fig.4.4, the X-ray diffraction measurements showed a stable fcc structure
in the whole pressure range studied. The pressure value was then calculated using the
compression curve found in Dewaele et al. [62]. XANES and XMCD signals were recorded
at the energy dispersive XAS beam line ID24 (ESRF) [93, 186] at the nickel K-edge
(Eo= 8333 eV). The XMCD signal is obtained by taking the difference between X-ray
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Figure 4.4: Selected XRD patterns of pure Ni up to 200 GPa.

absorption spectra measured using parallel (u*) and antiparallel (1) orientations of the

sample magnetization relative to the incident photon helicity.
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Figure 4.5: Combined XANES (left panel) - XMCD (right panel) spectra in pure Ni up
to 200 GPa.

The applied magnetic field was 0.6 Tesla and proved to be sufficient to saturate the
sample. The highly focused beam (5um FWHM) enabled to reach a pressure range so
far unexplored by x-ray absorption spectroscopy: ~200 GPa, corresponding to a volume
compression of V/Vy=0.66, where Vj is the equilibrium atomic volume. Such a high
pressure actually represents a record for magnetic measurements with the exception of

Mossbauer techniques [98] whose application is anyway limited to few elements (mainly
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Fe compounds). Fig.4.5 reports the normalized XANES (left) and XMCD (right) signals
between ambient and 200 GPa.

4.4 Results and discussion

Signal analisys: XANES

Preliminary pre-edge linear background subtraction and edge jump normalization were
performed on the raw absorption spectra using the program Athena (IFEFFIT packadge
[190, 191]).

In the XANES, the effect of compression reveals mainly in: i) an increase of the pre-
peak feature Al, ii) the appearance of a shoulder in the pre-edge region (A2), iii) an
inversion of the relative height of peaks B and C and iv) the appearance of two additional
peaks (D1, D2) in the post-edge region.

It is well known that the Al feature in the 3d metals originate from the quadrupolar
transitions 1s-3d [207], favored by the 4p mixing into the 3d orbitals which provides some
electric dipole allowed 1s-4p character to the transition, adding intensity to the electric
quadrupole mechanism [208]. The Al intensity enhancement under pressure has been
already observed [42, 63, 193] in all the 3d metals and interpreted as an increase of 3d-4p

band overlap under compression.
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Figure 4.6: Energy shift of features A1, B, C, E at 200 GPa

The energy shift of the whole spectra to higher energies is also commonly observed
in Fe, Co, and Ni and can be regarded as a pressure induced effect in the local structure
[193].

At each pressure, this shift results to be linearly proportional to the ambient energy
position with respect to the edge, i.e. features which are further from the edge are more
shifted in energy. In fig 4.6 we plot as an example the energy shift of the features Al,

B, C, E at 200 GPa, as a function of their energy position at room pressure. For this
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reason re-plotting the spectra, at each pressure, as a function of the abscissa (E — Ey)/E;
(where E; is the energy position of feature i, generally chosen as the furthest from the
edge so that its energy shift can be clearly detected) allows to minimize the influence of
the lattice contraction and consequently to better detect subtle changes in the XANES

due to pressure application, as we did in the case of cobalt.
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Figure 4.7: left: XANES data at 0 and 200 GPa; right: XANES simulations using the
FDMNES code at the same pressures.

Because the XRD measurement proved that the fcc structure is stable in the whole
pressure range of our study, the observed XANES modifications must be due the com-
pression of the fcc structure or to the development of local distortions. In order to clarify
this, simulations using the FDMNES code [223] were performed using a cluster of 134
atoms, corresponding to a full multiple scattering radius of 7 A. Simulated spectra were
then convoluted with a gaussian function of 3 eV width to reproduce the experimental
resolution. To simulate the effect of compression the cell parameter was modified accord-
ing to the XRD data. The simulations reproduce most of the changes observed in the
XANES spectra (Fig.4.7): the enhancement of the A1l feature, the appearance of a new
hump around 47 eV corresponding to the D1 and D2 peaks, and the general energy shift.
The shape of the double peak B C is not perfectly reproduced even at ambient pressure,
however the enhanced intensity of feature B reflects the data trend. This finding support

the conclusion that the XANES changes are the effect of the simple compression.

Signal analysis: XMCD

The XMCD spectra, shown in Fig.4.5 right panel, where normalized to the absorption

edge step. Thanks to the improved setup no instrumental background subtraction was
necessary.
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The most remarkable modification in the XMCD evolution with applied pressure is the
movement of the inflection point 3 which finally gives rise to a new feature 3’. Meanwhile
the main valley 2 looses intensity (-34%) and the post edge peaks (4,5 and 6) becomes
sharper.

No sharp signal decay is observed between 120 and 160 GPa. Our results are thus in
disagreement with the prediction of an abrupt pressure induced transition to paramagnetic
state at 160 GPa [60].

FDMNES simulations
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Figure 4.8: left: XMCD data at 0 GPa and FDMNES simulations using dipolar and
quadrupolar approximations (full and dashed lines respectively); right: the same at 200
GPa.

XMCD spectra were also simulated using the FDMNES code [223] using the same
parameters as for the XANES simulations. A configuration 3d®2s? was used with 4.5 3d
electrons with spin up and 3.5 3d electrons with spin down. The simulations reproduce
fairly well the change of shape and the attenuated intensity of the nickel K-edge XMCD
signal under pressure, confirming that the observed modifications origin from the reduced
interatomic distances leading to bands broadening and a decrease of the density of states
at the Fermi level. Moreover our simulations indicate that quadrupolar terms mainly affect
the pre-edge region between -4 and -8 eV from the edge and give rise to a deviation of
3-4% for the main peak integral in the whole pressure range; simulations using the tight
binding approach [63] had previously brought to similar conclusions.

If we compare the XMCD and XANES spectra (magnetic and non magnetic absorp-
tion) it is clear that they show important differences close to the absorption edge (up to

A2 and 3) where the XMCD exhibit a much more complex structure. For higher energies
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(from B and 4) the magnetic and non magnetic oscillations show more similar features
and move in phase with each other under compression. This distinct behavior allows to
roughly identify two energy regions in the XMCD spectra: the first region corresponding
to a few eV around the absorption onset, mainly sensitive to the electronic density of
empty states close to the Fermi level and containing the magnetic information; the second
energy region beyond a few eV, more directly linked to the local structure through single

and multiple scattering of the photoelectron (magnetic EXAFS).

XANES and XMCD
dOINX Pue SINVX

E-E, (eV)

Figure 4.9: left: XANES and XMCD data at 0 GPa; right: XANES and XMCD data at
200 GPa. The XMCD data have been multiplied by a factor 300.

DFT calculations

Exploiting the fruitful collaboration with the ESRF Theory group (Y.O. Kvashnin, L.
Genovese, P. Bruno), our results could be compared to novel DTF calculations briefly

reported in this section.

As it was discussed in section 2.2.3, the interpretation of the K-edge XMCD signal for
the 3d metals is still controversial.

The XMCD signal at the K edge of 3d metals mainly arises from the spin-orbit cou-
pling of the photoelectron in the final state. Theoretical approches for the interpretation
of K-edge XMCD signals based on multiple-scattering [135, 139-141], and band structure
calculations using a tight binding approximation [134] claim that the main contribution to
the signal comes from the spin-polarization of the d-states and arises from the scattering
of the photoelectron from the spin-orbit potential of the neighbors and of the absorber.
Such a view has led to the conclusion that the K-edge XMCD signal should be some-
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how proportional to the 3d magnetic moment, and its pressure evolution has been often
compared to that of the total spin magnetization [42, 63].

The orbital sum rule (4.3) [131, 133, 134] directly relates the integrated K-edge XMCD
to the expectation value of the p-projected orbital moment. Its application to the K-edge
of the 3d metals is limited by the assumption of energy independent radial matrix elements
R = (1s|r|4p) which does not apply to the broad and delocalized p final states [133, 135].
For this reason, it is quite difficult to extract absolute quantitative information on the

magnetic moment from K-edge XMCD spectra.
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Figure 4.10: Calculated orbital magnetization density of /p-states (right axis) and K-
edge differential XMCD for bulk Ni (left axis). The calculations are performed for a zero
pressure unit cell using the PY-LMTO code. The curves are broadened with a Lorentzian
function of 0.8 eV width.

Nevertheless, as the energy dependence of the matrix elements is smooth, the K-edge
XMCD reflects the p orbital polarization in differential form d(L.),/dE [136-138]. As a
first step, this has been checked for the Ni case by comparing the orbital magnetization

density of p-states:

dmy(E) =" <\p?k\iz\\p?k> 5(E — Epe) (4.1)
nk

to the differential XMCD, defined as:

dxaren(B) = 3 ([ L) = (T [01)PJ6(E - B (42)
nk
where II* is dipole interaction operator of electron with photon of right(left) helicity
[138, 210], using the PY-LMTO code [211, 212]. The results, shown in Fig. 4.10 demon-
strate that in fcc Ni the differential K-edge XMCD and the dm;(E) function are indeed
closely related. Hence, the relative behavior of the integrated XMCD signal under pressure
can be expected to be approximately proportional to that of the p orbital moment.

In order to shed light on the role of the different contributions and interpret the
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measured compression evolution of the K-edge XMCD signal, a series of DFT 4+ SO
(spin-orbit) calculations have been performed over a wide range of compression (between
Vo=10.95 A and 5.04 A corresponding to V/V ranging from 1 to 0.46), using Wien2K
[215] and PY-LMTO [211, 212] codes. A stable fcc structure up to the TPa range has been
assumed, as suggested in [35]. Different treatments of correlation effects have been probed
using Local Density Approximation [218, 220] and Generalized Gradient Approximation
[221] for the exchange correlation functionals in Wien2K. The Brillouin zone integration

was performed on the 283(223) k-point grid.
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Figure 4.11: panels a), b), ¢), d), e), f): volume evolution of d orbital, d spin, p orbital, p
spin, total orbital and total spin moments respectively by first-principles GGA, LDA and
LMTO calculations.

The calculations confirm that the spin polarization of the p states mainly originates
from the polarization of the d states through p-d bands hybridization. Once the p-band
is polarized, the p orbital moment arises from the SO coupling in both 4p and 3d states
and their relative contribution is 35% and 65% respectively at ambient pressure and 50%
at 0.66 relative compression. This was checked performing constrained calculations where
the SO constants 4p and 3d states were alternatively fixed to zero. This result differs
from that of ref. [134] where SO coupling in the 4p state was found to give a negligible
contribution (see Fig. 2.9 in Cap.2).
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The ambient values obtained for the spin and orbital d moments, and for the pressure
evolution of the total spin moment are in good agreement with previous calculations and
experiments [21, 43-45]. The difference found in the ambient moments using different
methods results to be quite small for the d spin and orbital moments (1— 6%) but quite
significant for the p spin and orbital moments (~20%). However, the slope of the linear
compression-induced decay - the physical quantity we are interested in - is similar for each
moment component using different methods.

These results indicate that orbital and spin magnetization terms keep decreasing con-
tinuously, but with different rates, up to a compression of V/Vy~0.6 where a sharper
decay brings to total and simultaneous extinction. The coinciding suppression of spin and
orbital moments is not surprising since the orbital moment, quenched by the crystal field,
only originates from the spin orbit interaction. Interestingly, the p and d orbital moments
behave very similarly with compression whereas this is not the case for the p and d spin
moments. The different methods applied are in qualitative good agreement but indicate
different critical zero moment volume ranging from 0.48Vq to 0.54Vq. A similar variation
in the calculated pressure of moment extinction is found in the case of cobalt [64] (see
the Cobalt chapter). In fact, the quantitative reliability of these methods at such high
compression is limited as the computed quantities are very small and vary very quickly;

this fact underlines the importance of high pressure experiments.

XMCD data treatment and normalization

As discussed above, the compression-induced energy shift of the features close to the edge
is generally small; however for applied pressures of P>100 GPa the movement of the
features 3 and 4 in the XMCD data resulted not negligible. For this reason, the rough
XMCD data were re-plotted at each pressure as a function of the abscissa (E — Ey)/Eg
(where Eg is the energy position of feature E) so to minimize the influence of the lattice
contraction.

To compare the computed quantities to the experimental outputs, the XMCD signal
has been integrated from the signal onset (E1=-7eV) to four different upper limits: Eo=4;
6.5; 10.5; 15.5 eV, so to take into account the broad character of the final p states (i.e.
the absence of a white line) and normalized to analogous integrals of the unpolarized
absorption (XANES) po=(u" +17)/2 :

E _

£ dp(u - )
= :
o dE pd

Axyep = (4.3)

This energy range for the upper limit fully spans the transition zone between the
energy region mainly sensitive to the electronic structure and that mainly sensitive to the
local structure (magnetic EXAFS) as shown in Fig. 4.12 left panel. Then, the pressure

evolutions of (4.3), obtained in the 4 cases, were rescaled to their ambient values and
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Figure 4.12: left: Sketch of the chosen intervals for the integrals in (4.3). Right: pressure
evolution of the XMCD signal normalized as in (4.3) as a function of the upper inte-
gral limit; the dashed line shows the trend obtained for XMCD signal normalized to the
absorption edge step.

compared (Fig. 4.12 right panel). We found that the error due to the upper limit choice
amounts to 4-12% , indicating that the pressure-induced decrease of the so normalized
XMCD signal, doesn’t change significantly with the energy interval.

This kind of XMCD signal normalization differs from the commonly used normaliza-
tion to the absorption edge step (normalization by a constant). We believe that (4.3)
should be more precise as the main valley of the magnetic absorption (XMCD) is located
in the energy interval from few eV before to few eV after the un-polarized absorption
(XANES) edge, i.e. in the energy range where the XANES is varying more rapidly (see
Fig. 4.12 left panel). Moreover this kind of normalization is the one that appears in the
sum rules [131, 133, 134]. Checking the pressure evolution of XMCD signal normalized to
a constant edge step shows a smaller decrease but the deviation from the trend obtained
with the normalization (4.3) is 14% at maximum, as shown in dashed line in Fig. 4.12

right panel.

In Fig. 4.13 panel ¢) we plot the average between the pressure evolutions of (4.3)
obtained using the four intervals; the error is chosen at each pressure point as the maximum
value between the error due to the integral upper limit choice and the error due to the
signal noise (~5%). Comparison with theoretical calculations for the total spin moment
(Fig.4.13 panel a)) and p-orbital moment (Fig.4.13 panel b)) reveals that the integral of
the measured XMCD signal reduces of ~60% in the 0-200 GPa range just like the p orbital
moment, while the total spin moment shows a different behaviour decreasing by a 20%.

These results thus indicate that the pressure induced decay of the K-edge XMCD
should be compared to that of the p-projected orbital moment rather than to that of the

spin moment. Indeed, spin magnetization calculations have proved to reproduce fairly well
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Figure 4.13: Volume evolution of calculated total spin moment (a) and p-orbital moment
(b), and of the normalized XMCD integral (Axycp)(c). The unlinear pressure scale in
the top axis is calculated with the EOS given in [62].

the high pressure magnetic behavior of the K-edge XMCD in Fe ([43, 45] among others)
while they fail in the case of cobalt, as we showed in the Cobalt chapter. These differences
stimulates further theoretical work. Orbital moments calculations for compressed Fe and
Co are still missing in the literature, and a detailed comparison, like we did in the nickel
case, is not yet possible.

We are currently working in cooperation with the ESRF Theory group to compare
high pressure K-edge XMCD measurements to high pressure orbital and spin moments

calculations for all the 3d metals in order to shed light on the observed differences.

4.5 Conclusions

In summary, we have extended up to 200 GPa the pressure range for combined magnetic
and structural measurements, by measuring K-edge XMCD-XANES and XRD on pure Ni.
The relevance of this study lies not only in the high pressure record reached but also in

the coupling of an absorption experiment to a diffraction one, allowing to directly measure
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the volume compression and to compare the long range structure to local structure and
magnetism evolution under pressure. XRD measurements show a stable fcec pattern up to
200 GPa while the K-XMCD signal decreases continuously under compression and remains
non-zero at 200 GPa indicating the persistance of ferromagnetic order. DFT calculations
were also performed to compute spin and orbital moment components in compressed Ni,
so far missing in the literature, allowing to get a deep insight into their different behavior
versus density.

This study can lead to the following conclusions: i) in fcc ferromagnetic Nickel neither
structural nor magnetic transitions are observed up to 200 GPa, and the disappearance
of magnetism in fcc Ni is predicted to occur at pressures higher than 400 GPa; ii) the
spin polarization of the p states mainly origins from the spin polarized d band though
p-d bands hybridization and the p-projected orbital moment comes from the spin-orbit
interaction in the /p and 3d states; iii) the pressure evolution of the nickel K-edge XMCD
closely follows that of the p projected orbital moment and not that of the total spin
magnetization; iv) in nickel, spin and orbital magnetization do not scale together under
compression as was previously assumed in literature [63]; v) quadrupolar transitions give
a negligible contribution to the magnetic absorption.

The disappearance of magnetism in Ni is predicted to occur in V/V(=0.54-0.48 (480-
740 GPa). However, one cannot rule out a possible crystallographic phase transition,
or a transition to a paramagnetic state at ambient temperature after 200 GPa. Hence,
further experimental investigations of the magnetic response of Ni under more extreme
compressions appear necessary. The present approach is currently under upgrade and the
extension of magnetic measurements in the 300-400 GPa range and at low temperature-
which would allow to disentangle the moment suppression from Curie temperature effects

- looks promising.

These results are published in Physical Review Letters [224].
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5
Iron-Cobalt Alloys

The structural and magnetic phase diagram of FeCo under high pressure is particularly
fascinating because of the very different behavior of the pure components: iron loosing its
ferromagnetism across the bee-hep structural transition around 18 GPa and cobalt retaining
an hep ferromagnetic phase up much higher pressures (above 100 GPa). In this chapter we
present a detailed study on the P-induced structural and magnetic transitions in Fej_, Coy
in a so far unexplored concentration (0.5<x<0.9) and pressure (P<70 GPa) range by
means of XRD and combined XANES-XMCD measurements. QOur results enlighten the
close relationship between structure, magnetism and chemical order in this system and

allow to draw a first FeCo (x,P) phase diagram.

5.1 Introduction

Alloys of iron and cobalt constitute an important class of soft magnetic materials with a
wide and important range of technological applications where high magnetic flux densities
are required. Fe-Co alloys find application in data storage, high performance transform-
ers, and pole tips for high field magnets [225, 226]. Thanks to their unique combina-
tion of high saturation magnetization, high Curie temperatures, good permeability, good
strengths, and excellent performance-to-weight ratio, they have recently been considered
for applications in a new generation of aircrafts [227].

From a fundamental point of view, iron-cobalt alloys pose interesting questions because
of their structural, magnetic and chemical properties (see [226] for a general review), also
because they fall in the interesting category of ordered alloys.

In the transition metals, the magnetic properties mainly arise from the partially filled
spin-polarized 3d band which in turn is strongly related to the crystal structure and to
the local environment. The presence of a dissimilar neighbor, as found in an alloy, may
cause an atom to exhibit a wide variety of behaviors due to the different correlations and
bands filling [228]. Therefore the investigation of the magnetic/structural behavior of 3d

alloys as a function of composition and chemical order can bring important issues for a
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deeper understanding of magnetic and structural properties in the pure 3d metals.

The structural and magnetic phase diagram of FeCo under high pressure is particularly
fascinating because of the very different behavior of the pure components: compressed iron
undergoes a transition at 13 GPa from the bce a-phase to the hep e-phase structure, loosing
its ferromagnetism [71, 95]; on the other hand Co remains ferromagnetic up to around 120
GPa [64] and undergoes a transition from the hep to the fee structure in the 100-150 GPa
range [61, 64, 65] (see the Cobalt chapter). In the Fe;_,Co, alloy, Co addition to Fe up
to 50% stabilizes the bee phase to higher pressures whereas the high pressure structural
behavior at higher Co content is still unexplored. Moreover, to the best of our knowledge,
no studies on the FeCo magnetic properties under high pressure have been ever reported.

The aim of this study is thus to investigate the HP magnetic and structural diagram
of the FeCo alloy in the x > 0.5 region.
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Figure 5.1: (x,T) phase diagram of the Fe-Co system after [231].

5.2 Overview of structural, magnetic and chemical proper-
ties in FeCo

5.2.1 The Fe,_,Co, (x,T) phase diagram

Because of their similar electronic structure and atomic volumes, Fe and Co mix with
each other over a wide range of concentrations to form alloys. The ambient structure is
bee up to around 75% of cobalt were a transition to the hep phase occurs [229]. In the

x=0.9-1 range, fcc (x=0.9-0.95), double hcp (x=0.95-0.99) and hep (x=0.99-1) structures
are reported [230].
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The phase diagram of the Fe;_,Co, system as a function of composition and temper-
ature has been extensively investigated [231-239]. The x=0-0.75 alloys undergo the bcc
() to fee () transition around 900 °C. For Co content less than about 17%, the Curie
temperature is reached before the o to v phase transition while for greater Co% the phase
transition to the nonmagnetic v phase occurs from a ferromagnetic o phase. In nearly
equiatomic alloys (x= 0.3-0.75) the bcc phase orders to a o’ CsCl-type structure at the
maximum temperature of 730 °C for x=0.5 of composition. In the CsClI structure each

atom is coordinated by eight atoms of the other type (see Fig. 5.2 left panel).
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Figure 5.2: Left: bee (o) and ordered CsCl (o) structures. Right: lattice constant of bee
FeCo as a function of Co %; scatters are from [229], dashed lines are calculated values
from [240].

A large attention has been devoted to the ordering transition in the literature (see
[226] for a detailed review). Upon ordering, the lattice type changes to simple cubic and
the intensity for lines otherwise forbidden in bcc symmetry becomes non-zero. However,
this intensity remains extremely small if conventional X-ray methods are used, because
of the similar atomic factors of Fe and Co [226]. An increase in the lattice parameter
97, 229, 241] (Fig. 5.2 right panel) and in the magnetic moment [241-244] (Fig. 5.4
right panel) has been observed with ordering . The ordering reaction is very fast and fully
disordered samples can only be obtained using quenching rates greater than 4000 °C/s
[241].

It has been suggested that the peculiar shape of the a/y and o/’ boundaries is mainly
due to the magnetic contribution, indicating the presence of an interaction between the

magnetic and structural/chemical ordering. [233-239).

5.2.2 Ambient magnetic properties

Iron-cobalt alloys have the highest magnetization saturation of all known magnetic alloys
(see Fig 5.3). The saturation magnetization of FeCo alloys, measured by Weiss and Forrer

[245] and later by Bardos [246] has a non linear behavior as a function of Co concentration
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Mean atomic moment

Ni Cu

Figure 5.3: The Slater-Pauling curve showing the mean atomic moment for a variety of
binary alloys as a function of their composition, after [242].

with a maximum for around 30% Co. Polarized neutron diffraction studies indicate that
this nonlinearity is due the increase of the Fe moment from 2.2 for pure bcc Fe to approx-
imately 3up beyond x=0.5, whereas the local magnetic moment on Co remains nearly

constant around 1.7pup [255].
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Figure 5.4: Left: the magnetic moments of Fe and Co on binary alloys of different composi-
tions, after [255]. Right: the saturation magnetization of bee FeCo ordered and disordered
alloys as a function of composition from [246].

The dependence of the Fe moment (pp(Fe)) on the number of Co nearest neighbors
in the a-FeCo has been studied extensively both experimentally [242, 255-257] and the-
oretically [23, 24]. pp(Fe) is seen to increase with the number of Co neighbors. In an
equiatomic Fe-Co alloy with the CsCl type structure, each iron atom is surrounded by
cobalt nearest neighbors only; between 50% and 70% Co alloys with the ordered structure

contain excess Co atoms, however, this does not change the nearest neighbor configuration
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of iron atoms, therefore, the iron moment in this concentration range remains constant.
Off-stoichiometric ordered alloys between 30% and 50% Co contain excess iron atoms,
which results in a lowering of the iron moment.

Several theoretical works have been dedicated to the understanding of the peculiar
behavior of the a-FeCo saturation magnetization as a function of composition [23, 24,
228, 248-254]. The main aspects can be explained in terms of bands filling arguments
[23, 228, 253]. As already mentioned, the Co magnetic moment changes slightly with
composition while major modifications occur at the Fe site. This is related to the fact

that Co is a strong ferromagnet having the majority (spin up) band filled.
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Figure 5.5: Left: spin-projected density of states in FeCo (in states of one spin per atom
per eV) from [23]. The energy is with respect to Fermi energy. The calculations are
based on the local spin-density treatment of exchange and correlation and employ the
augmented spherical-wave method for the required self-consistent energy-band calculation
at the theoretical equilibrium volume. Right: local and average magnetic moments of
the various ordered structures representing the Fe-Co alloy. For both Fe and Co the first
nearest neighbors in each structure are shown [23, 25].

In Fe, both majority and minority spin bands are partially empty and the Fermi energy
is pinned at the valley of the minority density of states (Fig. 5.5 left, panel a), hence Fe is
classified as a weak ferromagnet. Co addition to Fe leads to the filling of the majority band
so that Fe;_,Co, becomes a strong ferromagnet starting from x>0.3 (Fig. 5.5 left, panel
b). For Co contents higher than 30%, the additional valence Co electron is accomodated

in the minority spin states resulting in a nearly constant value for the average number of
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majority electrons (NT) (Fig. 5.5 left, panels d and f); the alloy thus remains a strong
ferromagnet, and the moment falls primarily due to the filling of Fe d minority states
(N)) as expected from a rigid band model. The variation of the Fe moment on the Fe
rich side is more complex since there is a change in the occupancy of both majority and
minority states. In both ordered and disordered alloys, the number of Fe majority states
increases with the Co content. Meanwhile the number of Fe minority states decreases and
this appears to be due to hybridization changes on the occupied states near the Fermi
energy [23, 228, 249, 250, 253, 254]. As a result, a rapid increase in the Fe moment, which
is proportional to the difference in majority and minority states u~NT-N!, is observed.
Thus, it is the combination of the roughly constant Co moment and varying Fe moment
that accounts for the maximum in the Slater-Pauling curve occurring at around 30 at %
Co [24]. The bands modifications occurring because of the Fe-Co alloying are extensively
illustrated by Schwarz and co-workers [23] and reported in Fig. 5.5. In this work the
authors consider - besides the above mentioned ordered CsCl structure - the disordered
Zintl structure for x=0.5 in which each atom is coordinated with four atoms of the same
type and four of the other type (Fig. 5.26).

According to Victoria and co-workers [228] the enhancement of the magnetization in
FeCo following Co addition would be driven by the strong electron-electron interactions
of Co, which are sufficient to increase the exchange splitting of the Fe atom, consequently

saturating the magnetization without substantially diminishing the Co moment [228].

In the very high Co concentration range (x>0.9) the FeCo magnetization keep decreas-
ing up to pure Co showing discontinuities in correspondence to the structural changes

(fcc—dhcp—hep) present in this range [230] as shown in Fig. 5.6.
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Figure 5.6: Left: mean magnetic moment in hcp, dhep and fee FeCo alloys as derived from
the saturation magnetization of polycrystalline samples at 4.2 K. from [258] Right: zoom
of the hcp region.

In 1994 Pizzini and co-workers analyzed the specific features of K-edge magnetic circu-
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lar X-ray-dichroism spectra of Fe and Co in bee Fe-Co alloys and Fe/Co multilayers [188]
as a function of composition (see Fig. 5.7). They found important differences between
the Co K-edge and Fe K-edge spectra of the same alloy showing that the signal is central
atom dependent. At the Fe K-edge a positive pre-edge peak (named Al in Fig. 5.7) is
observed in both alloys and multilayers and related to the presence of Fe atoms in the
neighbors of the absorbing Fe atom. According to multiple scattering calculations [189],
this positive pre-peak originates from the scattering of d component of the photoelectron
on neighboring sites, and is never encountered at the Co K-edge likely because of the Co
d bands different polarization [188]. Moreover in the alloys, some systematic variations
of shape and amplitude of the XMCD signals as a function of concentration could be
individuated and correlated to the changes in local atomic environment. In particular
the Fe K edge signal amplitudes showed a behavior similar to that of the Fe magnetic
moment: an increasing trend up to 50% of Co and saturation afterwards. Well above the
absorption edge (E-E¢>80 eV) the extended X-ray-absorption fine structure (EXAFS) os-
cillations (magnetic EXAFS) reflect the local bee structure and appear not to depend on
the absorbing atom. In both alloys and multilayers, the magnetic EXAFS intensity could

be correlated to the average magnetization in the neighborhood of the absorbing atom.
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Figure 5.7: Left: Fe K and Co K near-edge XMCD spectra for FeCo alloys. panel (a) Fe
K edge, panel (b) Co K edge. from [188] Right: high-energy XMCD spectra (magnetic
EXAFS) of FeCo alloys and multilayers. Fe: Fe K edge, Co: Co K edge from [188].

5.2.3 High pressure studies

Co addition to Fe stabilizes the bce phase to higher pressures in the x=0-0.5 range. The
existing data, produced using different techniques: XRD [259], shock wave techniques
[263] and electric resistance measurements [260, 261], report a consistent curve of the bec-

hep transition pressure versus concentration. Such a good agreement, between different
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techniques, had supported the idea of using FeCo as a pressure calibrant.

The CsCl long range order, characteristic of the (nearly) equiatomic samples, seems
not to affect the structural transition. Some disagreement is found in the compressibility
data between [263] and [259], as two opposite trend are reported with increasing Co%.

Compression data and high pressure structural data from Papantonis and co-workers
[259] will be discussed and compared to our XRD data for the higher Co % range in the

Results and discussion section.

400

o

o

[=]
T

2001 # Papantonis {2000)

O Bundy (1975}
4 Laoree et al (1966)
W Clendenen & Orickamer (1964

Transition Pressure (kbar)

e 20 20 0 80 )
Co wt% in Fe

Figure 5.8: The bee-hep structural transition in FeCo as a function of Co content. Full
circles: [259], open circles: [260], full triangles: [263], and full squares: [262].

5.3 Experiment

The samples

Homogeneous films (thickness ~5 microns) of polycrystalline Fe;_,Co, have been pro-
duced using RF magnetron sputter deposition [265] by the group of Prof. M. Gibbs in the
University of Sheffield.

The synthesis apparatus is made up of a non rotating target and a stationary substrate;
a sketch is shown if Fig. 5.9. When the dimensions of the target, that of the substrate
and the distance (D) between them are all comparable and the mean free path of the
sputtered atoms is small compared to D, then, from geometrical considerations and basic
diffusion theory, a uniform gradient is expected. In the case of FeCo, characterized by
similar sputtering yield coefficients and atomic sizes of the constituents, this produces an
equiatomic composition at the center of the sample. The target material was a Fey5Cog 5

with 150 mm of diameter (produced by Testbourne Ltd) with additional sheets of pure Co
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(from Goodfellows) on top, cut to proper segment sizes to give the required composition.
The films were grown on glass substrates with a very thin Al underlayer (less than 20
nm). Sputtering power was between 100 and 250 W, with a target-substrate separation
of D=60mm, and deposition time was 6 and 24 hours for equiatomic and non-equitamic
samples respectively. The samples were removed from the substrate after growth and char-
acterized by hysteresis loops and energy dispersive X-ray analysis (EDX) measurements
to check magnetism and composition.

One of the samples (x=0.5) has been annealed up to 350 ° for 24h to check differences

in the ambient and high pressure properties with respect to the not annealed samples.

Substrate Compositional Gradient

! é”/ Film

[ | Target
FeusCoas

Figure 5.9: Experimental schematic of bicomposite target to produce a film of varying
composition.

XANES and XMCD measurements

The XANES-XMCD measurements reported in this chapter have been performed in three
different synchrotron beamline stations: at the dispersive beamline ID24 at ESRF (Euro-
pean Synchrotron Radiation Facility, Grenoble, France), at the dispersive beamline ODE
in SOLEIL (French National Synchrotron Facility, Saint Aubin, France) and at the scan-
ning 4ID-D beamline at APS (Advanced Photon Source, Argonne National Laboratories,
Us).

Fe;_,Co, alloys with x=0.5, 0.6, 0.75 have been measured at the Co (Eqg=7709 eV)
and Fe (Eg= 7112 eV) edges; the x=0.9 sample has been measured at the Co K-edge only.
Depending on the elemental content, 1-3 layers were charged into an amagnetic diamond
anvil cell (DAC) with Silicone oil as a pressure transmitting medium; the pressure was
measured with the ruby fluorescence technique. In order to evaluate the pressure error, 2-3
ruby spheres were placed in the DAC in different positions. The investigated pressure range
was 0-45 GPa for the x=0.5-0.75 samples and 0-70 GPa for the x=0.9 sample. Amagnetic
Cu-Be DAC of the Chervin type [107] were used at ID24 and ODE while an amagnetic
symmetrical Cu-Be DAC model WCM-7B (manufactured by easyLab Technologies Ltd
[264]) was used at 4ID-D. The applied field was 0.7, 1.3, 0.6 Tesla at ID24, ODE and
41D-D respectively.
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Of the three beamlines, ID24 offers the highest flux and smallest beam (5x5 pm full
width at half maximum (FWHM)) allowing a better signal to noise ratio, faster mea-
surements and the possibility to use smaller samples (20x20 pm) thus accessing higher
pressures and a higher degree of hydrostaticity. In fact in the ID24 setup samples sizes
can be half or less the hole size, while in the ODE and 4ID-D setup the samples are nearly
as big as the hole.

The XMCD signal is obtained by taking the difference between X-ray absorption spec-
tra measured using parallel (1) and antiparallel (u”) orientations of the sample magne-
tization relative to the incident photon helicity. In the XMCD setup of ID24 (ESRF) and
4ID-D (APS) this difference is obtained both by flipping the applied magnetic field and
the photon helicity by means of a phase retarder (quarter wave plate). In the ODE setup
only the magnetic field is flipped as no phase retarder is used.

In general, measurements at the Fe K-edge are more complex than at the Co K-edge
because of the lower transmission which is less than 0.4% through a pair of 1.2 mm-thick
diamonds. This can be improved by the use of a partially perforated diamond anvils facing
a totally perforated anvil with a mini-anvil glued on top (see the Experimental Methods
chapter), but this increases the possibility of diamonds breaking. This kind of setup was
used in the experiment at 4ID-D (APS) [158]. Moreover, absorption at the Fe K-edge is

more frequently disturbed by the presence of diamonds glitches.

XRD measurements

Angle dispersive XRD measurements were performed on the FeCo alloys to check the
long range order. All the samples were measured at beamline ID27 (ESRF, France) [205]
apart from the x=0.6 sample which was measured at beamline HPCAT BM-D (APS). The
monochromatic x-ray signal diffracted by the samples has been collected on a MAR345
imaging plate system, located at distance of ~200 and ~300 mm at ID27 and HPCAT
BM16 respectively. The signal was than circularly integrated using the FIT2D software
[266].

At ID27, samples of 15x15 um size were charged in a membrane Le-Toullec DAC with
He gas as transmitting medium. At HPCAT 50x50 pm sized samples were charged in a
screw Symmetric piston-cylinder DAC and the transmitting medium was Ne gas. Pressure
was estimated using the ruby fluorescence method [187] on 2-3 ruby spheres placed in
different positions in the DAC.

z=0.5 r=0.5 an xz=0.6 z=0.75 z=0.9
Co K-edge Fe K-edge | Co K-edge | Co K-edge Fe K-edge | Co K-edge Fe K-edge | Co K-edge
D24 X X X
ODE X X X X
4ID-D X

Table 5.1: XAS measurements of the Fe;_,Co, alloys in different beamlines.
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Diffraction data were analyzed using the GSAS program [269, 270] and d-spacing were
determined using a Le Bail fit [271, 272]. The obtained compression data, were then fitted
to a third order Birch-Murnaghan equation of state [273]:

wlot

() -()

where Vg is the ambient pressure volume, Kq is the bulk modulus and K’y is its first

derivative.

The different experimental conditions for both XAS and XRD experiments are sum-

marized in Table 5.2.

beamline Magnetic FWHM hole diameter  sample  transmitting
Field (Tesla)  (um) (pm) size (pm) medium
ID24 0.7 5x5 100-120 50x50 silicone oil
ODE 1.3 25x35 120-140 100x100 silicone oil
41D-D 0.6 20x30 120 100x100 silicone oil
1D27 2x2 100 10X20 He
HPCAT BM-D 10x20 100 30X40 Ne

Table 5.2: Experimental conditions for XAS and XRD experiments.

5.4 Results and discussion

Equiatomic and nearly equiatomic samples: Fey;Co 5 and Fey5Coq¢

In Figs. 5.10 and 5.11 we represent high pressure combined XANES-XMCD measurements
for Fep5Cog.5 and Fep 4Cop ¢ respectively at the Co K-edge (upper panels a) and b)) and
Fe K-edge (lower panels c) and d)).

In both samples the ambient profile of the XANES is characteristic of the bec structure.
A slight difference can be observed between the two edges in the pre-edge feature a being
more resolved at the Fe K-edge. The pressure evolution of the XANES is similar at the
Fe and Co edges: the pre-edge shoulder a (E~ 4 eV) continuously grows in intensity
and becomes more pronounced, the ”white line” feature b (Ex 20 eV) looses intensity,
the double-shaped first oscillation ¢ at ~50 eV turns into a single rounded one while the
second and third oscillations d and d’' (~ 84 and 109 eV) merge into a single oscillation.

These changes mark the bee-hep transformation just like in the iron case [93, 95]. The hep
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Figure 5.10: a) and b): normalized XANES and XMCD spectra of Fey5Cog5 at Co K-
edge; ¢) and d) normalized XANES and XMCD spectra of Fep5Cop 5 at Fe-K-edge. In
panel ¢) the presence of a diamond glitch is signaled by short lines.

structure is stable from around 36-38 GPa as no further transformations are observed. In
Fep.5Cog 5, at the Co K-edge, the modification of feature ¢, becoming rounder, anticipates
that of the other features (b, d, d’), while at the Fe K-edge the b ¢ d and d’ features
change together and abruptly at 33 GPa. In the x=0.6 sample, the change in the feature ¢
(around 20 GPa at the Fe K-edge and even before at the Co K-edge ~12 GPa) anticipates
that of the other features at both edges; however this effect is still stronger at the Co
K-edge. These evidences suggest the presence of local bee-hep distortion anticipating the

total transition around 30 GPa.

The simultaneous XMCD measurements show a different ambient shape of the XMCD
signal at the Fe and Co K-edge: at the Fe K-edge the main negative valley has stronger

intensity and is accompanied by a pre-edge positive lobe which is almost absent at the
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Figure 5.11: a) and b): normalized XANES and XMCD spectra of Fey 4Cog ¢ at Co K-edge;
¢) and d) normalized XANES and XMCD spectra of Feg 4Cog ¢ at Fe-K-edge.

Co K-edge. This difference has been already highlighted by Pizzini and co-workers [188].
Compression leads to the decrease of the XMCD signal with total extinction occurring
in correspondence with the bce to hep transition, indicating that the high pressure hcp

structure in Feg5Coq 5 is non ferromagnetic, just like in iron.

XRD measurements were performed to check the structural transition (shown in Figs.
5.12 and 5.13 upper panel). The appearance of the hcp phase (€) reflections is observed at
31 GPa and the transition is completed around 36 GPa. The observed local distortions in
the XANES in the 20-30 GPa range do not correspond to any modification in the XRD.
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Figure 5.12: Selection of XRD patterns of Fey5Cog5 as a function of pressure. The bcc
(o) and hep (e) phase reflections are indicated.

This difference could in principle be due to the different hydrostatic conditions as XAS
measurements were performed using Silicone oil while He and Ne gas was used for XRD.
However the estimated pressure gradient for Silicone oil in this pressure range is around
2-3 GPa, well below the observed difference in the pressure onset of XANES and XRD
modifications. Indeed, it is not surprising that precursor signs of the bee/hep transition
are only visible in the XANES - which is a local (short order) probe - as the presence of
randomly distributed small (<10A4) clusters of distorted FeCo would be invisible to XRD

- a long range order probe.

In Fig. 5.14 we compare the pressure evolution of the integral of the main XMCD
peak at both edges with the pressure evolution of the bee/hep phase fraction as estimated
from the Rietveld analysis [267, 268] of diffraction data, for the x=0.5 (upper panel) and
x=0.6 (bottom panel) samples. The phase fraction error is around 10% and the pressure
error is within the symbols size. In both samples a sharp decrease of the XMCD signal
integral is observed starting from around 30 GPa at both edges, in concurrence to the
structural transformation into hcp, indicating that the magnetic and structural transition
are simultaneous. The fact that the structural transition, as seen by XRD, occurs over a
smaller pressure range (30-36 GPa) is due to the different hydrostatic conditions. Indeed
Silicone oil, which was used in the absorption experiment, is not an hydrostatic medium
at the pressure of investigation and can give rise to pressure gradients responsible for the
transition range broadening (see the Ezperimental Methods chapter for further details). In

the x=0.5 sample, at both edges, a residual XMCD signal (less than 10%) remains above
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Figure 5.13: Top: selection of XRD patterns of Fep4Cogg as a function of pressure.
Bottom: high pressure structural parameters for Fep4Cogg (left); compression curve of
Fep.4Cop ¢ (right). The uncertainties on volume and pressure are smaller than the symbols.
The solid line is a third-order Birch-Murnaghan fit to the experimental data.

the transition. Interestingly, different behaviours are observed in the XMCD in the lower

pressure range: in the x=0.5 sample, a smooth decrease of the XMCD integral is observed
before the transition (between 16 and 30 GPa) only at the Co K-edge while in the x=0.6
sample the initial decay of the XMCD integral is stronger (=~ 55% at 30 GPa) and is the
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same at the two edges within the error bar. The comparison between XANES and XMCD
behavior suggests that this pre-transition decrease of the XMCD integral is related to the
observed modification of the XANES feature ¢ in the 20-30 range. The major sensitivity
to pressure at the Co site in sample x=0.5 is perhaps related to the more asymmetrical
shape of the magnetization density around Co (see Fig.1.7 in Chap.1), which may result
in earlier magnetic instabilities and associated structural distortions, and the Co excess
in the x=0.6 sample is likely responsible for making this effect less local, i.e. appearing at
both edges.
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Figure 5.14: Integral of the XMCD signal at Co and Fe edge (black and red full circles
respectively) and comparison with bee/hep phase fraction from XRD (green full triangle)
for sample x=0.5 (upper panel) and x=0.6 (bottom panel). The phase fraction error is
around 10 % and its pressure error is within the symbol size.

The Fey5Cop5 sample was annealed at 350 °C for 24 h to investigate whether the
preparation route can determine differences in the ambient and high pressure properties
with respect to the as prepared sample. Both absorption (Fig. 5.15, only Co K-edge) and
diffraction (Fig. 5.16 top panel) data show that the pressure-induced bec ferromagnetic
to hep non ferromagnetic transition in the annealed sample is retarded by about 7 GPa
compared to the as prepared sample, pointing out that the annealing procedure provides

a major resistance to pressure.
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Figure 5.15: Pressure evolution of the Co K-edge XMCD integral of annealed (empty cir-
cles) and as prepared (full circles) Fep5Cog 5 and comparison with bee/hep phase fraction
estimated from XRD (empty and full triangles).The phase fraction error is around 10 %
and its pressure error is within the symbol size.

bee regults

Compression data are shown in Table 5.3. The ambient lattice parameter a
bigger for the annealed sample by a 0.2%. This enhanced lattice parameter is likely related
to a major degree of order according to Fig. 5.2 and indicates that the annealing has an
effet on the ordering reaction. The bce phases in both annealed and as prepared samples
show similar compressibility as represented in Fig. 5.17. In the as prepared Feq5Coq 5 the

“¢ parameter deviates from its compression trend as soon as the bce to hep transition
starts (Fig.5.16 bottom right panel); correspondingly the c/a ratio of the hep structure
shows some scattered behavior before reaching the constant value ¢/a=1.607+0.004 (Fig.
5.16 bottom right panel). Similar anomalies have been observed in the P-induced bee-hep
transition in iron and attributed to interfacial strain between the bce and the hep phases
[88]. A more regular behavior is observed in the annealed sample and the c¢/a ratio of
the newly formed hcp structure results bigger (c/a=1.61443). Just like in the iron case,
the bee-hep transition in Feg5Cog 5 is a first order transition as it occurs with a volume
change which results bigger in the annealed sample case.

These results demonstrate that the sample annealing does not change the sample
compressibility but increases the sample resistance to pressure as the structural-magnetic
bee-hep phase transition is delayed by &~ 7 GPa. Moreover the higher a parameter suggests
that this enhanced stability is related to a higher degree of chemical order induced by the
annealing.

With respect to the x=0.5 sample, the x=0.6 sample presents a smaller ambient a®*
parameter (a’“= 2.8524-0.003), volume change (AV=0.03040.007) and bulk modulus
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Figure 5.16: Top: selection of XRD patterns of annealed (left) and as prepared (right)
Fep5Cop5 as a function of pressure. Bottom: high pressure structural parameters for
annealed (left) and as prepared (right) Feg5Coq 5.

(Kp=167+6) but a larger ¢/a ratio of the newly formed hcp structure (¢/a=1.6134+0.003).
Like in the x=0.5 case, the a®

as the transition starts.

¢ parameter deviates from the low pressure trend as soon

In Fig. 5.18 we compare ambient and high pressure structural parameters of the
x=0.5 and x=0.6 samples, obtained from the analysis of the XRD data [271], to those of
the lower Co content series reported by Papantonis and co-workers [259]. In that work the
Birch-Murnaghan EOS fit was performed keeping the bulk modulus derivative constant

K’9=4 which is considered a good approximation for the metals. So, in order to properly

N
N

() s1e1oweled [einjonus
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Figure 5.17: Compression curve of annealed (black empty squares) and ”as prepared” (red
empty circles) Feg5Cog5. The uncertainties on volume and pressure are smaller than the
symbols. The solid line is a third-order Birch-Murnaghan fit to the experimental data.

Fei_;Coy a bee (A) ¢/ahcp Vo (A3/atom) AV(A3/atom) Ko(GPa) K’
x=0.5 as prepared 2.8540(16) 1.6074(35) 11.623(1) 0.0354(1) 177(6)  4.1(1)
11.622(1) 179(6) 4
x=0.5 annealed 2.860(3) 1.614(3) 11.69(2) 0.0398(1) 181(8)  3.6(1)
2.861(3) 11.71(2) 174(8) 4
x=0.6 2.852(3)  1.613(3) 11.60(3) 0.0354(1) 152(8)  5.1(1)
2.850(3) 11.58(3) 166(8) 4

Table 5.3: High pressure structural parameters for annealed and as prepared FegsCoq s
and for Feg 4Cogg. The bold values have been fixed in the fit.

compare the results, our fits were performed both by fixing K’g to 4 and letting it free.
We found that while the ambient volume parameter is almost unaffected by this choice,
some appreciable change can be found in the bulk modulus. The a” parameter, the c/a
ratio of the P-induced hcp structure and the transition volume change AV obtained in the
case of the annealed x=0.5 sample are in very good agreement with the lower Co % range
behaviour, while this is not the case for the as prepared x=0.5 and x=0.6 samples. In fact,
the samples used in the [259] were prepared by melting mixtures of pure component metal
powders in multiple-hearth argon arc furnace and were also annealed [259, 260]. This

evidence underlines the sensitivity of the structural properties to the preparation route.

Nevertheless the as prepared x=0.5 and x=0.6 samples reproduce the relative trend
as a function of Co % (a major Co content correspond to larger a** and c/a(hcp) and
a smaller AV) if a rigid shift is considered. The bulk modulus values, obtained with
K’g=4 and K’ left free, fall in the error bar for the x=0.5 samples but not for the x=0.6
sample. The K obtained for the x=0.5 annealed sample is not in trend reported by [259].
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Figure 5.18: Structural ambient and high pressure parameters in Fe; ,Co, for
0.5<x<0.75: ambient a"* parameter (panel a), HP hcp structure c/a ratio (panel b),
bee-hep transition volume change AV /Vy (panel ¢) and bulk modulus Kg(panel d). Black
and red full circles are from this work for annealed and as prepared samples respectively.
For the bulk modulus plotted value are those obtained with the K’g=4 approximation; for
the x=0.6 also the value obtained leaving K’y free is shown. Black squares are from [259],
half filled rhombus, triangle and circle are from [62, 274, 275] respectively.

The as prepared x=0.5 and x=0.6 samples reproduce the relative behavior as a major Co
concentration corresponds to a smaller Kg, however the rate of this decrease is higher than
that indicated by data from [259]. Because this parameter is strongly constrained by the
very low pressure range (0-10 GPa) we believe that our values should be more reliable, as
only few pressure point were reported in the work by Papantonis and co-workers in that

range.

Finally we plot the observed structural transition pressures in comparison with the
previous literature data in Fig. 5.19. The reported existing data had been produced us-
ing different techniques: XRD [259], shock wave techniques [263] and electric resistance
measurements [260, 261]. Once again our annealed data is in good agreement with litera-
ture data. In the as prepared x=0.6 sample the bee-hep structural transition occurs at a
slightly higher pressure compared to the as prepared x=0.5 sample, indeed the transition
pressure increase is much smaller than expected from the lower Co% data. In Fig. 5.18

we have shown that, apart from a rigid shift, the x=0.5 and x=0.6 samples well reproduce
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Figure 5.19: bce-hep transition in FeCo as a function of composition. Red full and empty
circles are from this work; black squares are from [259]; half filled square, rhombus, triangle
and pentagon are from [63, 260, 262, 263| respectively.

the lower Co concentration trend reported by XRD [259] for ambient and high pressure
structural parameters with the exception of the bulk modulus K which is, however, the
less reliable quantity reported by [259]. This fact suggests that the observed slope change
may be not strictly related to the synthesis strategy but apply more generally to different

kinds of samples.

Fej25Coq 75

X=0.75 is the limit concentration where the bcc symmetry starts to be unstable towards
the hep at ambient pressure [188, 226, 229]. Therefore, different regions of our film were
analyzed by XAS out of the diamond anvil cell. XANES profiles from ”bcc-like” to ”hep-
like” shape were found even within few microns distance. Interestingly, the corresponding
XMCD signals are different both in shape and intensity (an example is shown in Fig.
5.20); this evidence underlines the strong relation between magnetism and structure in
the 3d metals.

High pressure combined XANES-XMCD measurements were performed at the Co (Fig.
5.21 panels a) and b)) and Fe (Fig. 5.21 panels c¢) and d)) K-edge at beamline ODE
(SOLEIL). The ambient profile of the sample at the two edges is remarkably different,
being "hcp-like” at the Fe K-edge and ”bcc-like” at the Co K-edge. Indeed this difference
must be attributed to the fact that the two edges were measured in two separate shifts

with different charging (i.e. with different portion of the sample), since it was not possible
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Figure 5.20: Left: Co K-edge XANES spectra of the Feg o5 Cog. 75 sample foil in two different
regions of the sample out of the DAC. Right: corresponding XMCD spectra.

to measure the same piece of sample simultaneously at the two edges. A fit of the ambient
XANES spectra with a linear combination of bee and hep reference spectra reveals that the
relative bece-hep symmetry fraction is 85% at for the sample measured at the Co K-edge

and 54 % for the sample measured at the Fe K-edge.

At the Co K-edge, the bce-like Feg o5Cog.75 shows the evolution already encountered
in samples x=0.5,0.6. The change in feature c is seen from 21 GPa anticipating the total
structural bee-hep transition which starts around 26 and is completed around 31 GPa. In
the ambient Fe K-edge spectra, the b and ¢ features shape can be associated to a ”hcp-like”
structure while the profile of d and d’ is typical of the bcc symmetry. A transition to a
pure hcp structure can however be recognized occurring at 26 GPa. The presence of a
diamond glitch appearing around 26 GPa is signaled by short lines in the picture (Fig.

5.21 panel c)), to distinguish it from real oscillations.

In Fig. 5.22 we plot the pressure evolution of the XMCD main peak integral at Fe
and Co K-edges. Even though the two data sets cannot in principle be compared, because
the samples used at the two edges presented a different ambient bee/hep symmetry ratio,
some general considerations can be given. In the 0-26 GPa pressure range a stronger
linear decrease of the XMCD integral is observed at the Co K-edge; again this can be
related to the XANES feature ¢ modifications occurring prior to the bee-hep transition. A
sharper decrease starts around 26 GPa for both edges, in correspondence with the hep-bee
structural transition onset as seen by XANES, but suppression of the XMCD signal is
reached before at the Co K-edge for the bcc-like sample (around 30 GPa) than at the Fe
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Figure 5.21: a) and b): normalized XANES and XMCD spectra of Feg25Cog.75 at Co
K-edge; ¢) and d) normalized XANES and XMCD spectra of Feg25Cog 75 at Fe-K-edge.

The presence of a diamond glitch is signaled by short lines in panel c).

K-edge for the hep-like sample (around 40 GPa). At the Co K-edge, a residual signal of
5-10% could be observed well above the transition.

Because of the spatial inhomogeneity of the sample and the impossibility to perform
simultaneous XRD and XAS measurements, comparison to XRD data could not be dis-
cussed. However, in the x=0.5 and 0.6 sample we observed that the sharp decrease of the
XMCD signal corresponds to the bee-hep global (long range) structural transformation.
Assuming that this also applies to the x=0.75 sample, the data in Fig. 5.22 indicate that
the bee-hep transition occurs at a higher pressures in hep-like samples, i.e. that the hep
structure furnish a major resistance to pressure. This is in agreement with the general
behavior of the 3d metals as bee iron looses its ferromagnetism at much lower pressure
(=13 GPa) than the closed packed arranged metals Co and Ni (120 GPa and above 400
GPa (estimated) respectively).
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Figure 5.22: Pressure evolution of the XMCD integral of Feg 25Cog.75 at Fe (red full circles)
and Co K edges (black full and empty circles)

Despite the complexity due to the bce/hep mixing in the Fego5Cog 75 sample, the
collected data allow to identify a pressure range in which the P-induced magnetic and

structural transition should be placed.

The FeCo bcc series

In this section we summarize the results obtained for magnetic and structural transitions
in the FeCo bcc series, for 0.5<x<0.75.

In Fig. 5.23 we plot the pressure evolution of the XMCD signal integral of Fe;_,Co,
for 0.5<x<0.75 at the Co K-edge (upper panel) and for x=0.5,0.6 at the K-edge Fe (power
panel) K-edge. Due to the hep-like symmetry of the x=0.75 sample measured at the Fe
K-edge, it cannot be compared with the other samples.

The behavior of the XMCD integrals under pressure can be divided into two regions:
a first initial smooth decrease corresponding to local bce-hep distortions only visible in
the XANES and a sharper decay up to total suppression (magnetic transition) which
corresponds to the long range bcee-hep structural transition as seen by XRD. In all the
analyzed samples the pre-transition effects appeared stronger at the Co K-edge, with the
only exception of the x=0.6 sample in which the XMCD signal initial decay was found to
be the same at both edges, within the error bars.

In Fig. 5.24 we plot the structural and magnetic transition pressures as a function of

composition. The symbols indicate half way of the transition and the error bars indicate
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Figure 5.23: Pressure evolution of the XMCD integral of Fe;_,Co, for 0.5<x<0.75 at Co
K-edge (upper panel) and for x=0.5;0.6 at Fe K-edge (lower panel). x=0.5;0.6;0.75 are
red circles, purple squares and blue triangles respectively.

the transition range. In the x=0.5 and x.6 samples the magnetic transitions occur simul-
taneously at the two edges and in correspondence to the structural transition, within the
error bar. Globally, the magnetic/structural transition in the x=0.6 sample occurs at a
slightly higher pressure with respect to the x=0.5 (not annealed) sample, however, with
respect to the lower Co% trend reported in the literature [259], some tendency to satura-
tion is observed (see Fig. 5.19). In the x=0.75 sample the magnetic transition of a bee-like
sample occurs at lower pressures (26-30 GPa). Although this could not be observed at
both edges, it is quite reasonable to assume that it would occur at the same pressure,

as we discussed in the previous section. This lower transition pressure can be related to
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the higher number of Co-Co homopolar bonds in this sample, as we will show in the next

section.
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Figure 5.24: Magnetic and structural transitions in Fe;_,Co,. Full and empty green
triangles are from XRD data, blue full and empty circles are from XMCD data at the Co
K-edge and red full circles are from XMCD data at the Fe K-edge. The symbols indicate
half way of the transitions and the error bars indicate the transitions range.

Order and disorder

As already discussed, nearly equiatomic FeCo samples are found in an ordered CsCl struc-
ture, while disordered samples can only be obtained with very fast cooling. This is also
confirmed by theoretical calculations which show the bee CsCl phase to be the most fa-
vorite one for concentration around x=0.5 (see for example [276]). Ordering increases the
lattice parameter (Fig. 5.2 right panel) and the saturation magnetization (Fig.5.4 right
panel) but does not strongly affect their variation with composition.

In order to shed light on the role played by the ratio between the homopolar (FeFe
and CoCo) and heteropolar (FeCo) bonds on the high pressure structural and magnetic
properties in FeCo, DFT total spin calculations were performed by Dr. L. Genovese (from
the ESRF Theory group) using the VASP package [277]. In the Results and discussion
section of the Nickel chapter we discussed how the high pressure K-edge XMCD trend in
nickel is related to that of p-projected orbital moment rather than to that of the total spin
moment. However, in the case of iron, total spin magnetization calculations well reproduce
the K-edge XMCD behavior under pressure [43, 45]. Due to the similarities between pure
Fe and the FeCo system this should also apply to the iron-cobalt alloys. Moreover, spin
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Figure 5.25: Total spin magnetization calculation as a function of pressure for the Fe in
bee symmetry (red full circles) and hep symmetry (blue full circles); reference scale for
total spin magnetization is on the left axis. Empty squares represent the difference in
enthalpy between the bee and hep structures; its reference scale is on the right axis.

calculations are however expected to properly describe the transition pressure region, since

orbital and spin terms are suppressed at the same time. !

Figure 5.26: a): CsCl structure for Feg5Cogs and corresponding hep structure (b). c):
Zintl structure for Fey 5Cop 5 and corresponding hep structure (d).

"We are currently working in cooperation with the ESRF Theory group to complete the comparison
between high pressure K-edge XMCD measurements and high pressure orbital (so far missing in the
literature) and spin moments calculations for all the 3d metals in order to shed light on the observed
differences.
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The Projector Augmented Wave method was used, with Perdew Burke Ernzerhof ex-
change correlation approximation [221]. Calculations were performed with a supercell of
16 atoms, such as to test different atomic configurations. An 800 eV energy cutoff was
chosen to ensure convergence with respect to the basis set, together with a k-point sam-
pling equivalent to a length of 40 a.u. The enthalpy was used as a criterion to establish
the most convenient structure as a function of the pressure. Magnetization around atoms

was measured within a Wigner-Seitz radius of 1.3 A.

A preliminary test was performed on pure iron and reported in Fig. 5.25. Under
compression, the spin magnetization for the bee phase (M bec, in red full circles) decreases
smoothly from its ambient value (2.2 pp) while the spin magnetization for the hcp phase
(M bee, in blue full circles) is zero in the whole pressure range. The bce-hep enthalpy
difference (H(bcc)-H(hep)) in empty squares, reference scale on the right axis) changes
sign around 11 GPa indicating that Fe undergoes a transition from the FM bcc to the NM
hep at this pressure in agreement with previous calculations and experiments [63, 71, 88,
93, 95, 100-102, 274].

To describe order and disorder in equiatomic FeCo we considered the ordered CsCl
structure, characterized by each atom being coordinated with 8 atoms of the other type,
and the Zintl structure characterized by each atom being coordinated with 4 atoms of the
same type and 4 of the other type. The two structures and corresponding hcp structures
are represented in Fig. 5.26. The comparison between the calculated enthalpies for the
different structure confirms that the bcce ordered phase (CsCl) is the most favorite at

ambient pressure (Fig. 5.27).

Assuming, as a first approximation, that chemical transitions would not be induced
by the application of pressure, the expected transition for the ordered and disordered
phases are described in Fig. 5.28. The ambient magnetization for the bee ordered (CsCl)
phase is higher than for the disordered (Zintl) phase, in agreement with previous the-
ory and experiments [23, 246]. In the ordered CsCl structure the bee magnetization
decreases smoothly until the non magnetic hcp phase becomes favorite around 34 GPa;
the structural/magnetic transition occurs exactly like in iron but at higher pressure. In
the disordered Zintl structure the difference in enthalpy between bcc and hep structure
is smaller and the transition becomes sluggish: the hcp phase is favorite at 20 GPa and
preserves a non-zero magnetism up to 70 GPa. The higher resistance to compression of
the ordered structure is in agreement with our observations on the annealed sample, as the
major degree of chemical order produced by the annealing pushes the transition to higher
pressures. Differently from the ambient structural and magnetic properties, these findings
point out that the chemical order - i.e. the ratio between homopolar and heteropolar
bonds - plays a crucial role in tuning the high pressure magnetic and structural response.

The comparison with experimental results confirms that the nearly equiatomic samples
x=0.5,0.6 that we analyzed are all quite chemically ordered - i.e. they maximize the

number of heteropolar bonds- as the bce ferromagnetic to hep non ferromagnetic transition
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Figure 5.27: Calculated enthalpy differences for the ordered CsCl hep phase (red squares)
and disordered Zintl phases (bcc and hep in blue and green triangles respectively) with
respect to the ordered CsCl phase (in black squares).

in these samples was observed in the 30-40 GPa range. Interestingly, the pressure at
which the hep symmetry becomes favorite (20 GPa) in the calculated disordered Zintl
structure corresponds to the observed onset of local bee-hep distortions, suggesting that
these precursor transformation could be related to the presence of a small amount of
chemical disorder in the samples (already present at ambient conditions). In the previous
section we noted that these pre-transition effects are more evident at the Co site. Fig. 1.7
in Chap. 1 points out that the magnetization density around Co is rather asymmetric.
Now, if a small number of Co-Co homopolar bonds - i.e. a certain degree of chemical
disorder - is present, a major magnetic instability to compression is expected around the
Co site giving rise to associated local distortions.

In the x=0.75 sample, if the FegAl structure proposed by Schwarz and co-workers is
assumed, the average number of heteropolar bonds reduces to 5. In fact in this structure,
each Fe atoms is surrounded by 8 Co atoms, and two crystallographically inequivalent Co
sites exist, one entirely surrounded by Co and the other with 4 Fe and 4 Co neighbors
(Fig. 5.5). This situation is quite similar to the calculated Zintl structure for the x=0.5
concentration where the number of heteropolar bonds amounts to 4 (see Table 5.4), which
explains the lowering of the transition pressure and the observation of a residual signal up
to above 40 GPa in the x=0.75 sample.

In summary the increasing number of Co-Co homopolar bonds on going from x=0.5 to
x=0.75 would be responsible for the initial bee-hep distortions and smooth decrease of the
XMCD signal in nearly equiatomic samples (x=0.5,0.6) and a lowering of the transition
pressure in the x=0.75 sample. This simple model which correlates the high pressure

magnetic and structural properties of the studied FeCo alloys to their chemical order
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Figure 5.28: Upper panel: total spin magnetization calculation as a function of pressure
for the Feg 5Cog 5 CsCl structure in bee symmetry (red full circles) and corresponding hep
symmetry (blue full circles); Bottom panel: the same for the Zintl structure. The reference
scale for total spin magnetizations is on the left axis. In both panels empty squares
represent the difference in enthalpy between the bee and hep structures; the corresponding
reference scale is on the right axis.

allows to explain the main details of the experimentally observed behaviors. It however
presents some shortcomings: 1) it does not explain why the structural/magnetic transition
in the x=0.6 sample is more sluggish (at both edges) than in the 0.75 sample and ii) why
its complete (long range) transformation into hep non-ferromagnetic does not occur at a

lower pressure compared to the x=0.5 sample.

In order to clarify these points, further theoretical study is envisaged by the ESRF
Theory group to precisely account for all the studied concentrations, including elementary
moments predictions (separated Fe and Co contribution) and orbital moments terms.

In the discussion above we have neglected the possible occurrence of pressure induced

chemical transitions while Fig. 5.27 indicates that the hcp disordered phase is favorite with

respect to the hcp ordered one at high pressure, which would thus be a metastable phase.
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Heteropolar bonds in Fe;_,Co,
x=5 CsCl 8

Zintl 4
x=0.75 CozAl 5)

Table 5.4: Average heteropolar bonds in Fe;_,Co, for the structures proposed in [23].

However, the transition from bcc ordered to hep disordered looks unlikely, first because
the disordered hcp phase is expected to be still quite magnetic while in our sample only a
residual signal was observed; secondly it would require sufficient energy to break 4 bonds
and remove 4 nearest neighbors. Nevertheless this scenario cannot in principle be ruled
out and another development of this study will be to precisely analyse if the condition
at which the system has been probed (high pressure, ambient temperature) would allow,

from an energetical point of view, a structural-chemical transition.

Fe;1Coq 9

High pressure combined XANES-XMCD measurements were performed for the Feg 1Cog.g
sample at the Co K-edge at beamline ID24 (ESRF) (Fig. 5.29). The ambient XANES
profile is typical of the fcc symmetry [63-65, 206] and resembles that of pure Nickel (see the
Nickel chapter). The XANES evolution under pressure involves the intensity enhancement
of the pre-edge shoulder a, the inversion in the relative height of the ”white line” features b
and b, the intensity increase of the first oscillation ¢ and its movement to higher energies.
Diffraction confirmed a stable fcc structure (see Fig.5.30) in the whole pressure range of
study. Therefore, like in the Nickel case, the observed XANES transformations result from
simple compression.

Simultaneous XMCD measurements (Fig. 5.29 right panel) show that the Co K-edge
XMCD signal decreases with pressure and is estinguished before 70 GPa. This pressure is
remarkably low with respect to pure Co in which the ferromagnetic to non-ferromagnetic
transition occurs around 120 GPa (see the Cobalt chapter) [64]. Fe impurities addition
to Co thus strongly influences the high pressure magnetic response. The Co sensitivity
to Fe impurities is also evident in the structural instability characteristic of the low Fe%
range (0-10%) where fcc, hep and d-hep (double-hep) structures are encountered [230]. In
Fig. 5.31 right panel we plot the pressure evolution of the XMCD main peak integral. A
constant value is observed within the error bar up to around 30 GPa were a continuous
linear decrease starts up to total suppression.

Two sets of diffraction measurement were performed: up to 50 GPa (setl) and up
to 70 GPa (set 2). The ambient phase of Fey1Cogg was found to be fcc () with some
features belonging to the hep (e) symmetry. Traces of the e (100) and (101) reflections
have been indicated in the ambient spectrum of Fig.5.30; the €¢(002) and ~(111) reflections
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Figure 5.29: High pressure combined XANES (left panel) and XMCD (right panel) of
Fep.1Cog.9 at the Co K-edge.

are superimposed. Rietveld analysis [267] reveals that the hep/fec phase fraction amounts
to 1-10% and is retained up to the highest pressure reached (72 GPa).
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Figure 5.30: Selection of XRD patterns of Feg 1Cog.g as a function of pressure. Reflections
from fcc () and hep (€) Feg.1Copg are indicated.

This fact is responsible for a larger error in the lattice parameter a/° since the phase
coexistence gives rise to interfacial strain; also, the superimposition of reflections belonging
to different phases hinders a precise determination of a/°. Therefore, in order to account

for possible errors in the Le Bail fitting, a/* was also evaluated from the d-spacings
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individually determined.

The fce lattice parameter was found to be a/°°=3.550+0.005. In Fig. 5.31 left panel we
plot the compression curves obtained in the two data sets. Interestingly, an isostructural
transition with volume change AV /V(=0.007 is observed after 30 GPa in correspondence
to the onset of the magnetic transition. This finding suggests that the isostructural tran-
sition is actually induced by the magnetic instability following compression. In the field
of P-induced structural-magnetic transitions, an intense debate is still open to establish
whether the loss of magnetic moment in the metal is the driving force or simply a conse-
quence of the structural transition. A driving role of magnetism has been already proposed
in the case of pure Fe by Mathon and co-workers [93]. The total suppression of ferromag-
netism occurs at higher pressure (=~ 70 GPa) in the domain of the P-induced lower volume
fce structure. This result confirms the fcc structure to be the most stable symmetry in
the ferromagnetic 3d metals as only an isostructural transition could be obtained by com-
pression. To the best of our knowledge no structural transition has been ever observed

starting from the fcc structure in any metal under compression.
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Figure 5.31: Left: Compression curve of Fey1Cogg. The uncertainties on volume and
relative pressure are smaller than the symbols. The solid line is a Birch-Murnaghan fit to
the experimental data. Inset: pressure evolution of the lattice parameter. Right: Pressure
evolution of the main XMCD peak integral.

The two branches of the compression curve were fitted to a third order Birch-Murnaghan
EOS to compute the ambient volume V(, the bulk modulus Ky and its derivative K’y. Re-
sults are shown in Table 5.4. If the K’g parameter is left free, the compressibility of the low

pressure (LP) fcc phase in Fep 1Cog g is the same of that of hep Co and the compressibility
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of the high pressure (HP) fcc Feg1Cop9 phase is similar to that of fcc Co.

Sample  structure Vo (A%/atom) Ko(GPa) K’y source
Fep1Copy  LP fec 11.34(3) 201(6)  2.7(1) this work
LP fcc 11.31(3) 182(6) 4 this work
HP fec 11.0(1) 233(10)  2.4(1) this work
Co hep 11.00 199 3.6 [61]
fec 10.33 224 5.8 [61]

Table 5.5: Compression parameters of Feg1Cogg obtained from fit to Birch-Murnaghan
EOS. Data for pure Co are from [61]. Numbers in bold have been fixed.

From Fe to Co

In this section we summarize all the results obtained for structural and magnetic transi-
tions in Fe;_,;Co, in the studied composition range (0.5<x<1) and compare them with
literature data for FeCo in lower concentration range (0<x<0.4), pure Fe and pure Co.
In Fig. 5.32 we compare the pressure evolution of the Fe K-edge XMCD integral in
Fe;_,Co, as a function of composition with that of pure iron. Co addition to Fe pushes the
magnetic transition to higher pressures and enlarges the transition width. In the metals a
major resistance of ferromagnetism to compression is generally associated to the ambient
strong ferromagnetism (filling of the majority band) [42, 63]. The enhanced stability of
FM in the bee x=0.5, 0.6, 0.75 samples with respect to pure Fe, is thus in agreement with

bee bands calculations [23] which predict Fe;_,Co, to be a strong ferromagnet for x>0.3

In Fig. 5.33 the pressure evolution of the Co K-edge XMCD integral in FeCo as a
function of composition with that of pure cobalt is compared. With respect to cobalt,
whose K-edge XMCD integral decrease is linear, the x=0.5, 0.6, 0.75 samples present a
step-like suppression of the Co K-edge XMCD signal - characterized by an initial slow
linear decrease followed by a sharper decay in the 30-40 GPa region - rather similar to
the pure iron trend. Interestingly, the fcc x=0.9 sample preserves the kink in the XMCD
reduction around 30 GPa but the following drop rate is smoother, roughly resembling that
of pure Co.

The compression curves of the analyzed FeCo samples are included between those
of pure Fe and pure Co, as shown in Fig. 5.34. In the low compression region the
compressibility of the x=0.5 and x=0.6 samples is similar to that of pure Fe but they
present a lower volume change at the bee-hep transition. The compression curve of the fcc
x=0.9 sample is similar to that of pure cobalt at low pressure. It is worth noticing that
the isostructural volume change in sample x=0.9 occurs in the same pressure region of

the bee-hep transition onset for the x=0.5,0.6 samples meaning that, despite the different
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Figure 5.32: Pressure evolution of the Fe K-edge XMCD integral in FeCo as a function of

composition.

ambient structure, the fcc x=0.9 sample maintains some common features with the bcc

FeCo series also from the structural point of view.
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Figure 5.33: Pressure evolution of the Co K-edge XMCD integral in FeCo as a function

of composition.
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In Fig. 5.35 we plot the ambient and compression parameters of FeCo. If a rigid shift
between the annealed and not-annealed samples is taken into account, a rather continu-
ous decreasing behavior of both atomic ambient volume (Vy) and volume change at the
structural transition (AV/Vy) can be recognized in the complete FeCo series, from pure
iron to pure cobalt. Even though jumps are expected at the boundaries between different
structures (bec, hep, fee), this evidence suggests that structural ambient and high pressure

parameters in FeCo are mainly determined by the composition.

1.00

0.95

o 0.90

VIV

0.85

0.80

0.75

P(GPa)

Figure 5.34: Compression curves of FeCo as a function of composition.

For the bulk modulus both values obtained by fixing K’y to 4 and leaving it free were
calculated. While they are within the error bar for the x=0.5 samples this is not the case
for the x=0.6 and x=0.9 samples, indicating that the approximation used by Papantonis
and co-workers [259] is no longer valid in the high Co concentration range. A more complex
behavior is observed for Ky: the smooth linear decrease in the low Co% range is followed
by a slope inversion in the higher Co content range with Ky increasing up to the maximum
value of pure Co. However, an anomalous high value is found for the x=0.5 sample (both
as prepared and annealed sample) maybe related to the long range CsCl order expected
at this concentration, and some variation is reported in the pure cobalt literature values.
Indeed further XRD HP data are needed in the 50%-100% Co range to precisely determine

the bulk modulus behaviour as a function of Co content.
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Figure 5.35: a) ambient atomic volume (Vy), b) bulk modulus (Ky) and ¢) volume change
(AV/Vj) in FeCo as a function of composition. Circles are from this work: black is for
the annealed sample, red is for the as prepared samples. In panel b) full circles are Ky
obtained fixing K’y to 4 and empty circles are values obtained with K’¢ free. Black full
squares are from [259]; half filled triangles, pentagons, rhombus and circles are from [62],
[61], citeBasset, and [166] respectively.

A summary of structural and magnetic transitions in FeCo is reported in Fig. 5.36.
In the left panel the structural transition pressures observed by XRD and analogous liter-
ature data are reported. The scatters represent half way of the transition and error bars

represent the transition width. In the right panel the pressures for total suppression of
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ferromagnetism as seen by XMCD are shown. The represented data are chosen as the max-
imum zero signal pressure obtained between Co and Fe K-edge. The scatters represent the
end of the magnetic transition while continuous lines and dash lines represent its width.
The structural and magnetic transition pressure in the bec series increases with Co content
with some tendency to saturation after x=0.5. In the x=0.9 sample the iso-structural fcc
transition is still found in the saturation plateau while the moment suppression is placed

half way between that of the x=0.75 and the x=1 samples.
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Figure 5.36: Left: Structural transitions pressure in FeCo as seen by XRD as a function of
composition. The scatters represent half way of the transition and error bars represent the
transition width. Right: suppression of ferromagnetism as seen by XMCD. The scatters
represent the end of the transition while continuous lines represent its width. Full circles
are from this work (empty circles are for the annealed sample); black full squares are from
[259]; half filled triangles, pentagons and squares are from [61], [93] and [63] respectively.

In the pure 3d metals, it was observed [42, 63] that the pressure of ferromagnetism
suppression relates inversely to the ambient magnetic moment, i.e. the lower the ambient
magnetic moment the higher the pressure of ferromagnetism extinction (Fig. 5.37 top
panel). This was interpreted as due to the weak (Fe) or strong (Co and Ni) ferromagnetism.
In FeCo, the relationship between the critical pressure for ferromagnetism stability (PNM)
and the ambient moment (u(FeCo)) as a function of composition is far more complex (Fig.
5.37 bottom panel). In the bee range (x=0-0.5) both PYM and pp(FeCo) increase while
they start showing opposite behavior only after x=0.75, in the closed packed structures.
This should be related to the band filling modifications. In fact, moving from Fe to Ni
corresponds to a progressive filling of the minority d band, while the d majority bands
changes slightly. However, as was discussed in the 5.2.2 section, in the Fe rich region of
FeCo a comparable change in the occupancy of both majority and minority states occurs
at the Fe site, determining the peculiar shape of the ambient saturation magnetization

curve. The P-induced drop of the magnetic moment origins from the bands broadening
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which follows from the compression of interatomic distances and is therefore intrinsically

PNM

related to the band structure. It is worth noticing that the trend of the resembles

that of the Fe magnetic moment (Fig. 5.4) up to x=0.75: increasing up to x=0.5 and then

saturating.
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Figure 5.37: Top: Comparison between the ambient magnetic moment p of Fe, Co and
Ni (blue squares, reference scale right axis) and their critical pressure for ferromagnetism
stability (PYM | reference scale left axis). Bottom: Comparison between the ambient
magnetic moment p of FeCo (blue squares, reference scale right axis) and its critical
pressure for ferromagnetism stability (PVM, reference scale left axis) as a function of
composition.

Putting together the informations from left and right panels of Fig. 5.36 a magnetic and
structural phase diagram can be drawn for FeCo as a function of pressure and composition
(Fig. 5.38). It is important to note that the proposed diagram lies on the following

assumptions:

1. the bece to hep structural transition in the low Co % range (0<x<40) is accompanied
by the loss of ferromagnetism just like in pure iron (x=0.5) and in the higher Co
content bece series (50<x<75);

2. the shift in the transition pressure given by sample annealing would be the same at
all the concentrations in the bcc series. In the diagram in Fig 5.38 the bee FM and

hep non-FM co-existence region, represented by a dashed area, has been chosen to
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contain both as prepared and annealed samples under this assumption;

3. the XMCD signal suppression occurs at the same pressure for both Fe and Co K-edge

in all samples.

As far as the complex x=0.75 sample is concerned, the bcc FM to hcp non-FM co-
existence interval in the diagram has been chosen to contain the different transition pres-
sures observed by XANES-XMCD at the two edges.

5.5 Conclusions
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Figure 5.38: Structural and magnetic FeCo diagram as a function of pressure and compo-
sition. Dashed regions represent co-existence regions.

In summary, we have carried out a systematic study on the P-induced structural and
magnetic transitions in Fe;_;Co, in the high Co content range (0.5<x<0.9) by means
of XRD and combined XANES-XMCD measurements and a detailed comparison with
previous lower Co% data.

The most important outputs of this study are here summarized:

e In the bcc series, up to x=0.75, Co addition to Fe pushes the structural bce-hep
transition to higher pressure in the 30-40 GPa range and the P-induced hcp phase
is non-ferromagnetic like in the iron case. The enhanced stability of the FM bcc

structure under pressure, with respect to pure Fe, follows from the filling of the
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majority band. In the pressure region before the transition we detect a smooth linear
decrease of the XMCD signal which can be associated to local bee-hep distortion

anticipating the long-range order transition.

e The chemical order (disorder) can crucially influence the high pressure structural and
magnetic response in the bee FeCo alloy. Calculations show that chemically ordered
structures are more resistant to compression than their disordered counterparts and
undergo a sharp structural/magnetic transition around 34 GPa. In the disordered
phases the transition is more sluggish, the hcp phase becoming favorite at 20 GPa
but retaining a non-zero magnetic moment up to 70 GPa. The comparison with
experimental findings suggest that the number of Co-Co homopolar bonds plays a

key role in determining the high pressure magnetic and structural properties.

e In the fce x=0.9 sample an isostructural transition is observed in correspondence to
the onset of the K-edge XMCD signal decay suggesting that magnetic instabilities
induced by compression play a driving role in the transition. The fcc symmetry is
confirmed to be the most stable structure for the FM metals. Globally, the x=0.9
sample presents an intermediate behavior between that of the bce series and that
of pure Co. In fact the (iso)structural transition and the kink in the XMCD signal
reduction occur around 30-40 GPa, in the same pressure region of the bcc FM -
hcp non-FM transitions of the bee series. On the other hand the XMCD decay
after 40 GPa is smoother resembling that of pure Co. Indeed the suppression of
ferromagnetism in x=0.9 occurs at a remarkably lower pressure (~ 70 GPa) compared
to pure cobalt (~ 120 GPa) indicating that adding Fe impurities in Co strongly

affects its HP magnetic response.

e Different sample preparation routes can determine different ambient structural pa-
rameters. However, the relative structural behavior as a function of pressure is in
general the same, i.e. the annealing only causing a rigid pressure shift. Annealed
samples show a larger lattice parameter (indicating a major degree of chemical order)
and result to be more resistant to compression as the structural-magnetic transition

is observed at higher pressures.

e The critical pressure for ferromagnetism stability in FeCo does not relate inversely
to the ambient magnetic moment like in the pure metals, its behavior being largely
determined by the complex interplay between majority and minority bands filling in

the Fe rich region.
The collected data allowed to draw a high pressure magnetic and structural phase

diagram for FeCo as a function of composition, so far missing in the literature.

Some preliminary results of this chapter have been published in High Pressure Research

[278]. Completing papers are under preparation.
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Conclusions

This Thesis deals with the study of the magnetic and structural properties of the 3d metals
under extreme compression conditions by means of polarized X-ray absorption coupled to
X-ray diffraction and DTF calculations. The squeezing of the interatomic distances, caused
by the applied pressure, naturally involves important changes in the band structure and
induces magnetic and structural instabilities. Its study can therefore bring an important
contribution to the understanding of the complex interplay between structural, magnetic
and electronic degrees of freedom that characterizes these metals. Fully exploiting the
recent development of the diamond anvil cell coupled to the potential of a third generation
synchrotron radiation source, this study allowed to fix some new important constraint in
the high pressure magnetic and structural phase diagram of cobalt, nickel and iron-cobalt
alloys. Moreover in Co relevant differences were highlighted with respect to the neighbor
and widely investigated element Fe; in FeCo the role of chemical order in tuning the high
pressure properties was addressed and the case of Ni offered the opportunity to get a
deeper insight into the interpretation of the K-edge XMCD signal under compression, so
far still controversial.

In these last pages, the main results obtained for these three systems will be resumed

and finally some general conclusions will be drawn.

Cobalt

Combined K-edge XANES and XMCD measurements were carried out up to 120£10
GPa on pure cobalt. Local fcc-like atomic configuration are observed in the XANES
starting around 80 GPa in correspondence to the onset of elastic and structural anomalies
reported in the literature at the same pressure. XANES simulations indicate that at
120 GPa the fcc phase is present at 40% or more and that the transformation into the
fcc symmetry corresponds to a progressive symmetrization of the first shells around the
absorber. The K-edge XMCD signal decreases linearly and continuously up to the total
suppression around 120 GPa. Differently from the Fe case, where ferromagnetism is almost

unaffected by compression until its abrupt suppression at the bcee-hep phase transition,
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in cobalt compression produces an immediate decay of the XMCD signal, long before the
structural transition observed at 80 GPa. Spin magnetization DFT calculations reproduce
the magnetic transition pressure within the pressure error bars, and suggest that the
pressure induced phase is actually non magnetic (with zero elementary moment). However
a quite different behavior between the evolution of the calculated spin magnetization and
the K-edge XMCD signal integral is observed prior to the structural transition (P<80
GPa).

Nickel

Simultaneous K-edge XANES-XMCD and XRD measurements were performed on pure
nickel up to a relative compression of V/Vy=0.66 corresponding to around 200 GPa, a
record pressure for absorption techniques. Our data show a stable fcc structure and a
resistant ferromagnetism throughout the whole pressure range of study, contrary to the
recent prediction of an abrupt transition to the paramagnetic state at 160 GPa. The
high structural stability of nickel over a wide pressure range offers the opportunity to
investigate the effect of the compression on magnetism, without the complexity given by
the insurgence of a structural transition. This motivated us to go deeper into the still not
established interpretation of the K-edge XMCD signal, exploiting the fruitful collaboration
with the ESRF Theory group. Like in the cobalt case in the region prior to the structural
transition, spin magnetization calculation do not reproduce the Ni K-edge XMCD signal
decay under compression, whereas its behavior closely follows that of the calculated p-
projected orbital moment. Our calculations point out that the spin polarization of the p
states mainly originates from the p-d bands hybridization and that the p orbital moment
is due to both 3d and /p SO coupling.

FeCo

A systematic investigation was carried out on Fe,Coj_, alloys in an unexplored pressure
(P<70 GPa) and concentration range (0.5<x<0.9) by means of polarized absorption and
X-ray diffraction. In the bce samples (x=0.5, 0.6) the bce ferromagnetic to hep non
ferromagnetic transition is observed just like in the pure iron case but at higher pressures
(in the 30-40 GPa range) as a consequence of the strong ferromagnetism induced by
the filling of the majority band due to the Co addition. Local bce-hep distortion and
a corresponding smooth initial decay of the XMCD signal are detected around 20 GPa,
before the global magnetic and structural transition. This effects seem to be stronger
around the Co site and are likely related to the presence of some chemical disorder. Indeed
DTF calculations show that the chemical order plays a crucial role in tuning the high
pressure structural and magnetic behavior: in the disordered structures the hcp phase

becomes favorite at lower pressures (20 GPa) but remains magnetic up to higher pressures
(70 GPa).
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At x=0.75 the sample is found in a mixed bce-hep phase at ambient conditions, however

a pressure induced transition to pure hcp can still be recognized around 30-40 GPa.

In the x=0.9 fcc sample the onset of magnetic instabilities induces an isostructural
transition around 30 GPa; however the total suppression of ferromagnetism occurs, in the

lower volume fcc phase, at quite higher pressures around 70 GPa.

Finally we found that the preparation route can influence the high pressure magnetic
and structural properties: in particular the sample annealing, enhancing the chemical or-

der, increases the ferromagnetism resistance to pressure.
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indicated. Bottom: ab inicio GGA spin magnetization calculation for Fe [43], Co and Ni
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General conclusions

The collected results allow to formulate some general conclusions:

e Under pressure a bcc ferromagnetic 3d metal transforms into a non magnetic hep
phase and an hcp ferromagnetic 3d metal becomes a fcc non magnetic one, in agree-
ment with the equilibrium structures expected for the non magnetic counterparts
from the filling of the 3d electronic band. No further structural transformation is
expected to occur in fcc 3d metals; in fact only an isostructural transition could be

induced in the fcc Feg 1Cogg sample.

e The close packed arrangements (hcp and fcc) furnish a major magnetic resistance
to compression: in bee Fe and bee FeCo the suppression of ferromagnetism occurs
below 40 GPa, while in fcc Feg.1Coq.9, hep Co and fee Ni magnetic order is kept up
to 70 GPa, 120 GPa and well over respectively. Interestingly, the fcc structure is
not necessarily magnetically more stable than the hcp, as it is seen by comparing

Fep.1Cog.9 to pure hep Co.

e In the bee structures (pure Fe and FeCo up to x=0.75) the magnetic and structural
transition are simultaneous and occur quite abruptly (within 10 GPa). The evolution
of the XMCD signal shows a ”step like” shape, characterized by an initial smooth
decrease followed by a sharper drop. In the close packed structures (Feg1Cogg and
pure Co) the suppression of ferromagnetism covers a quite wide pressure range and
the relation to the structural instability is less straightforward: in Fep1Cogg the
onset of the XMCD decay corresponds to an isostructural transition (30 GPa) how-
ever the total suppression occurs at much higher pressures (70 GPa); in cobalt, the
decrease of XMCD signal starts immediately, long before the onset of the structural
instabilities (80 GPa), and the total extinction occurs in a likely mixed hep-fee phase
(120 GPa).

K-edge XMCD is nowadays the only magnetic probe able to reach the 10> GPa range,
however a complete understanding of the scientific information carried by this technique
is still not achieved. Therefore, a second aim of this Thesis has been to go deeper into the
interpretation of the K-edge XMCD signal, still debated in the literature. On one side the
atomic dipolar sum rule indicates a proportionality of the signal integral to the orbital p-
projected moment; on the other hand multiple scattering approaches point out a dominant

role played by the spin polarization of the 3d band. Following this latter approach, the
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K-edge XMCD signal under pressure is generally compared to the calculated spin magne-
tization, as in Fig. 6.1. These spin calculations describe successfully the Fe case, the bcc
spin magnetization decreasing slowly until the hcp non magnetic phase becomes favorite
at 12 GPa. In cobalt, the pressure for magnetism extinction indicated by the calculations
roughly corresponds to that indicated by the experimental data, nevertheless the trend is
not reproduced in the pressure region before the structural transition (P<80 GPa) and

the same stands for nickel in the whole range studied.

Our new calculations show that the Ni K-edge XMCD decay under compression is
better represented by that of the calculated p-projected orbital moment. Interestingly the
calculated spin magnetization decay is ”step like” - i.e. characterized by an initial smooth
decrease followed by a sharper drop - whereas the p orbital moment decreases continuously
up to a sharper inflection which brings to total extinction occurring simultaneously with
the spin suppression. This is not surprising since in the 3d metals the orbital moment,
largely quenched by the crystal field, only arises from the spin orbit interaction. Therefore
the existence of a non zero K-edge XMCD signal is related to the presence of non zero
net spin moment and the suppression of the signal indicates the loss of ferromagnetism,
explaining why the spin magnetization calculations can successfully describe the ferro-
magnetism suppression pressure. The results obtained for nickel suggest that p orbital
calculations could also reproduce the K-edge XMCD behavior in cobalt for P<80 GPa.
In iron the range before the transition is too small (10 GPa) to appreciate any difference
between the available K-edge XMCD and spin magnetization behavior, and more accurate
measurements (more pressure points and lower error bars) are needed. However it is im-
portant to note that iron indeed differs from Co and Ni because it is a weak ferromagnet,
having both majority and minority bands unfilled. It was already pointed out, in the FeCo
chapter, that this weak ferromagnetism plays a crucial role for example in determining
the anomalous magnetization behavior in the FeCo series. Also, it crystallizes in a bcc

symmetry, quite different from the close packed arrangements of Co (hcp) and Ni (fec).

Another aspect that needs to be considered is that XMCD is only sensible to the
existence of a net orbital moment (ferromagnetism or ferrimagnetism) and does not allow
to distinguish between zero net moment magnetic states (paramagnetism, diamagnetism
or antiferromagnetism). Therefore Curie temperature effects, disrupting the magnetic
order cannot in principle be excluded. However, the coinciding suppression of K-edge
XMCD signal and calculated spin moment in Fe and Co suggest that the pressure induced
magnetic state in these systems is actually non magnetic, i.e. with zero magnetic atomic

moment.
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On the base of the discussion above, these studies stimulate two natural developments:
on the experimental side the coupling of high pressure to low temperature conditions
appears necessary, which would allow to separate thermal order effects from elementary
moment changes. A high pressure-low temperature setup is currently under development
on beamline ID24. On the theoretical side, volume dependent orbital moment calculations,
so far missing in the literature, will be completed by the ESRF Theory group and compared
with the present K-edge XMCD results in order to clarify if the results obtained for nickel

can be generalized to the other 3d metals.
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