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Investigating electronic structure and excitations under extreme conditions gives access to a rich
variety of phenomena. High pressure typically induces behavior such as magnetic collapse and the
insulator-metal transition in 3d transition-metal compounds, valence fluctuations or Kondo-like
characteristics in f-electron systems, and coordination and bonding changes in molecular solids and
glasses. This article reviews research concerning electronic excitations in materials under extreme
conditions using inelastic x-ray scattering (IXS). IXS is a spectroscopic probe of choice for this study
because of its chemical and orbital selectivity and the richness of information it provides. Being an
all-photon technique, IXS has a penetration depth compatible with high-pressure requirements.
Electronic transitions under pressure in 3d transition-metal compounds and f-electron systems, most
of them strongly correlated, are reviewed. Implications for geophysics are mentioned. Since the
incident x-ray energy can easily be tuned to absorption edges, resonant IXS, often employed, is
discussed at length. Finally studies involving local structure changes and electronic transitions under
pressure in materials containing light elements are reviewed.
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I. INTRODUCTION
A. Why this work

Pressure is an effective means to alter electronic den-
sity, and thereby electronic structure, hybridization, and
magnetic properties. Applying pressure therefore can
lead to phenomena of importance from the physical
point of view such as magnetic collapse, metal-insulator
transitions (MITs), valence changes, or the emergence of
superconducting phases.

Probing the electronic properties of materials under
high-pressure conditions, however, remains a formidable
task, the sample environment preventing easy access to
the embedded material. With the exception of optical
absorption which provides information about low-
energy excitations, the experimental difficulties mean
that high-pressure studies have been mostly restricted so
far to structural refinement, to study of the Raman
modes, or to the characterization of transport proper-
ties.

The availability of extremely intense and focused
x-ray sources through the latest generation of synchro-
trons has opened new perspectives for spectroscopic
studies at high pressure. Though standard spectroscopic
techniques such as x-ray absorption have been in use
in high-pressure studies for quite some time, newer
methods like nuclear forward scattering (NFS), the
synchrotron-based equivalent of Mossbauer spectros-
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copy, are fast becoming a choice tool to investigate mag-
netism in selected elements. On the other hand, inelastic
X ray scattering with hard x rays, used in tandem with
high pressure, is a powerful spectroscopic tool for a va-
riety of physical and chemical applications. It is an all-
photon technique fully compatible with high-pressure
environments and applicable to a vast range of materi-
als. In the resonant regime, it ensures that the electronic
properties of the element under scrutiny are selectively
observed. Standard focalization of x rays below 100 um
and microfocusing to a few microns ensures that small
sample size in a pressure cell is not a problem. This also
corresponds approximately to the scattering volume in
the hard x-ray region. Given these conditions, we can
expect maximum throughput with inelastic x-ray scatter-
ing (IXS) -derived techniques.

Though IXS techniques have been used for some time
now, the combination of these with high pressure has
opened a new line of research which is now rapidly
reaching maturity. Our aim in this review is to provide
an overview of this field in two classes of materials
which have been at the heart of research efforts in “con-
densed matter” physics: strongly correlated transition-
metal oxides and rare-earth compounds. These materials
are not yet well understood from a fundamental point of
view but are also found in many technologically ad-
vanced products, such as in recording media based on
giant magnetoresistance materials, spintronics, or mag-
netic structures. In the introductory materials to the rel-
evant sections, we restrict ourselves to useful concepts
for understanding the nature of d and f electronic states,
and more specifically their behavior under high pres-
sure. An extensive theoretical description of these is be-
yond the scope of this work and, in particular, magnetic
structure and interactions are not discussed, except in
close connection with the electronic properties. Because
it is a method with which the reader might not be very
familiar, we begin by discussing theoretical and experi-
mental basics of inelastic x-ray scattering in some detail.
The following sections are devoted to an extensive re-
view of experimental results under high pressure with a
main focus on magnetic transitions in transition metals
in combination with metal-insulator transition, electron
delocalization in mixed valent materials, and finally
bonding changes in light elements that uncovers a mar-
ginal, yet unique aspect of IXS. It will be followed by
conclusions and perspectives.

B. Historical context

Before discussing IXS as a probe of the electronic
properties of materials under pressure it can be useful to
place this new spectroscopy in the wider historical con-
text of research carried out over the past thirty years in
high-pressure physics. These studies, though also focus-
ing on electronic transitions and in particular on the
metal-insulator transition, valence changes, and mag-
netic collapse, used very different and complementary
techniques.
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Resistivity and optical spectroscopy under pressure
were initiated soon after the development of pressure
cells, starting from the earlier pressure apparatus of
Bridgman and Drickamer and later with diamond anvil
cells (DACs) [see Jayaraman (1983) for a review]. Both
techniques can probe pressure-induced metal insulator
transitions, and have been extensively applied to el-
emental systems, semiconductors, wide gap insulators
[see, e.g., Syassen et al. (1985, 1987) and Chen et al.
(1993)] and correlated systems (Tokura et al., 1992).

Magnetometric measurements are more difficult un-
der pressure because of the weakness of the magnetic
signal coming from the sample. But several have re-
ported successful experiments in specially designed pres-
sure cells. Magnetic susceptibility is particularly efficient
in detecting superconducting phases under pressure such
as in Li and S [cf. Struzhkin et al. (2004) for a recent
review]. No spin state transition has been reported so far
with this technique. In contrast, Mossbauer spectroscopy
is a widespread method of investigation of the magnetic
state of transition metals and rare earths under high
pressure. The measurements require isotope substitu-
tion which sets some constraints on the possible range of
detected elements. But Mossbauer research has been ac-
tive in high-pressure physics owing largely to its high
sensitivity to Fe magnetism. Magnetic transitions have
been observed in elemental Fe and several compounds
and minerals up to the megabar pressure range (Pipkorn
et al., 1964; Abd-Elmeguid et al., 1988; Taylor et al., 1991;
Pasternak et al., 1997; Speziale et al., 2005). The recent
development of synchrotron-based nuclear forward scat-
tering has augmented the Mossbauer capacities to
smaller or more diluted samples coupled to the laser
heating technique (Lin et al., 2006). To complete this
overview of pressure compatible magnetometric probes,
one should mention x-ray magnetic circular dichroism
(XMCD) and neutron magnetic scattering [for a more
extensive comparison, see d’Astuto et al. (2006)], which
both are well-established magnetic probes. Neutron
scattering is usually restricted to moderate pressures as
the large beam eventually limits the sample dimensions
and therefore the maximum attainable pressure. It, how-
ever, allows a full determination of the magnetic struc-
ture, as recently shown up to 20 GPa (Goncharenko and
Mirebeau, 1998). XMCD benefits, on the other hand,
from the x-ray brilliance and chemical selectivity just as
IXS, while the polarization of the light provides the
magnetic sensitivity. Following the seminal work of Odin
et al. (1998), a handful of XMCD experiments have been
performed at the K edges of transition metals under
pressure up to the megabar range (Iota et al., 2007). We
refer to some of these results while discussing the spin
state transitions of 3d metals.

Finally, the sensitivity of x-ray absorption spectros-
copy to the valence state has been long used for studying
materials under high pressure. Although x-ray absorp-
tion spectroscopy (XAS) is closely related to IXS and
will be discussed later, it is worth mentioning the pio-
neering work of Syassen et al. (1982) and Rohler et al.
(1988) on the valence change of rare-earth systems un-
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der pressure. On the contrary measuring the K edges of
the light elements under high-pressure conditions is a
unique and recent possibility thanks to IXS.

C. Energy scales

Exploring the phase (structural, magnetic, or elec-
tronic) diagram of materials requires tuning key external
parameters. Among them temperature and pressure are
equally important to explore the free-energy landscape
of the system. A temperature (7) -induced phase transi-
tion is driven by entropy. More simply, the temperature
effects in terms of energy scale can be expressed by con-
sidering electronic excitations from the ground state via
the Boltzmann constant and the relationship 1000 K
=86.17 meV.

On the other hand, pressure-energy conversion can be
obtained through the Gibbs free energy for a closed sys-
tem, defined as dG=-SdT+VdP. At constant tempera-
ture, the expression of the total energy change (for a
given pressure variation AP) reduces to a simple integra-
tion of the VdP term. Although solids are not easily
compressible, the volume variation at very high-pressure
regime, as envisaged in this study, is far from being neg-
ligible. Using the compressibility k=—1/V(dV/dP), one
can estimate the energy variation from

AG = (Vy/k)(1 — e ¥AP), (1)

with V), the molar volume at ambient pressure. At low
pressure, this expression can be given by AG~V AP,
which can be derived directly from the Gibbs free en-
ergy supposing V independent of P. We now estimate
the internal energy change in a system for a AP of
100 GPa (=1 Mbar) in the two classes of materials of
main interest here: transition metals and rare earths.
Transition metals are poorly compressible metals. Their
isothermal bulk modulus (K;=1/«) falls within the
megabar range. Application of Eq. (1) to Fe (K7
=170 GPa) yields a variation AG~5.3 eV for the con-
sidered AP. Rare earths have lower K values and in Ce
for instance (K;=22 GPa) this implies a somewhat
smaller AG~4.6 eV for AP=100 GPa with respect to
transition metals.

Independently of the materials under consideration, T
and P variations map onto totally different energy scales
in the free-energy landscape of the system. Tempera-
tures of several thousand Kelvin can be achieved with
resistive or laser-assisted setups but this still corresponds
to a modest amount on an energy scale. At least one
order of magnitude in energy can be gained using pres-
sure as an external parameter if we consider that
megabar pressure can be achieved. Pressure-induced
phase transitions may also lead to new types of ordering,
since entropy is not involved. The existence of a quan-
tum critical point (QCP) in strongly correlated materials
is such a manifestation of a new state of matter.
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II. BASICS OF INELASTIC X-RAY SCATTERING

A. A question of terminology

Appropriate naming of new spectroscopic techniques
is always useful but rarely easy and like many recent
techniques the terminology for IXS has gone through a
maze of mutations.

Sparks (1974) first showed the “inelastic resonance
emission of X rays” using a laboratory x-ray source. The
new experimental finding, here correctly designated as
an emission process in the resonant conditions, differs
from early results obtained in the Compton regime for
which the photon energy is chosen far from any reso-
nances, and at high-momentum transfer. The perfect
suitability of synchrotron radiation for inelastic x-ray
scattering was demonstrated later by Eisenberger et al.
(1975) who first performed “resonant x-ray Raman scat-
tering” at the Cu K edge, and simultaneously adopted
Raman terminology for an x-ray based process. Though
historically justified, this widespread terminology is
somewhat confusing. In this work, we limit ourselves to
the use of resonant inelastic x-ray scattering (RIXS). An
exception will be made for resonant x-ray emission spec-
troscopy (RXES) or x-ray emission spectroscopy (XES)
as a subcategory of RIXS, when it clearly applies.

Nonresonant IXS (anXS)1 is historically the older
technique. Nonresonant experiments of DuMond and
co-workers on “x-ray Compton scattering” precede
resonant measurements by several decades. This was
followed by pioneer work of M. Cooper and W. Schiilke
with x-ray rotating anodes [cf. references in Schiilke
(1991)] and of G. Loupias with synchrotron light (Lou-
pias et al., 1980). Susuki (1967) later measured the K
edge of Be using “x-ray Raman scattering” (XRS) by
extending the energy loss region away from the Comp-
ton region. This terminology is still in use to distinguish
the measurements of the absorption edges of light ele-
ments in the x-ray scattering mode from that of other
types of nonresonant scattering events, such as scatter-
ing from phonons. Here we refer to IXS as the general
scattering process from which both RIXS and nrIXS
originate.

B. IXS cross section

The general inelastic x-ray scattering process is shown
in Fig. 1. An incident photon defined by its wave vector,
energy, and polarization (k;,%w;,€;) is scattered by the
system through an angle 26, the scattered photon char-
acterized by k,, hw,, €. q=k; -k, and Aw=hw,-fiw, de-
fine the momentum and energy, respectively, transferred
during the scattering process. For x rays, k; =~ k,, so that

The acronym for nonresonant inelastic scattering should
not be confused with that of nuclear resonant inelastic x-ray
scattering
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kQ,CUQ,GQ

q,w
klawlael

FIG. 1. Scattering process of a photon by an electron system
(gray area).

q = 2k sin(6). (2)

The momentum transfer depends only on the scattering
angle and incoming wavelength.

The starting point for describing the scattering process
theoretically is the photon-electron interaction Hamil-
tonian H. For perturbation treatment, H is convention-
ally separated into a term 7, describing the interaction
between the electrons and the incident electromagnetic
field and a term H,, corresponding to the noninteracting
electron system

H:H0+Hi. (3)

The noninteracting term reads

1
Ho=2 5 p; + 2 Vi) )
I Ji'
and
62 2 e
Hi= 2, 5,2 ANE) = ——Ar) ), (3)

J

where A and V are the vector and scalar potentials of
the interacting electromagnetic field and the electrons
are defined by their momentum p and position r. The
sum is over all electrons of the scattering system. We use
the Coulomb gauge (V-A=0). The spin-dependent
terms in H; are smaller by a factor #/mc? and are not
considered in this study.

The double differential scattering cross section can
derived from the interaction Hamiltonian using the
Fermi golden rule in the sudden approximation. For a
second-order process, this is known as the Kramers-
Heisenberg formula (Kramers and Heisenberg, 1925). It
consists of the sum of three terms, represented as Feyn-
man diagrams in Fig. 2, which we now discuss in some
more detail.

1. Nonresonant scattering

The first term [Fig. 2(a)] arises from the A? term in the
interaction Hamiltonian (5), in first order of perturba-
tion, which dominates far from any resonances. The
nonresonant scattering cross section depends on the dy-
namical structure factor S(q,w). Using the notation of
Fig. 1, the nonresonant scattering cross section reads
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f
a) c)
g
d*aldQydw, = 1wy o)) €, - €7S(q. ), (6)

where ry is the classical electron radius, ry=e?/mc?. The
prefactor in Eq. (6) represents the Thomson scattering
by free electrons

(dO’/sz)Th = r(z)(w2/w1)|el . E;|2, (7)
The dynamical structure factor

S(q.0) = E‘mEe‘q ilg)| 2 E, — Ey+ i) (®)

contains the main information on the system. It relates
the nonresonant scattering process to the excitations of
the electron system allowed by energy and momentum
conservation. Following Van Hove (1954), S(q,w) can be
further written as the Fourier transform of the electron
pair-correlation function

o

die™"(g| X e el Olg), (9)

1
S(q,0) = Py
i’

-

where |g) is the ground state and the sum is carried over
the positions (r;,r;/) of the electron pairs. The two nota-
tions (8) and (9) of the dynamical structure factor reflect
the fluctuation-dissipation theorem: In the nonresonant
regime, the system excitations (dissipation) are con-
nected to the scattering due to density fluctuation in the
ground state, i.e., in absence of perturbation. Depending
on how g compares with the characteristic length scale
of the system in the probed energy transfer regime, A\,
Eq. (9) describes phenomena ranging from dynamics of
collective modes (g\.<1) to single particle excitations
(gh.>1).

In the case of a homogeneous electron system, S(q, ®)
can be related to the dielectric function & through

S(q,0) = (1 + 7p)(g*/4me*)Im[ - 1/6(q,w)], (10)

where np=1/[exp(hw/kgT)-1] is the Bose factor. This
equation is similar to the electron energy loss spectros-
copy (EELS) cross section when the prefactor is re-
placed with an appropriate cross section for electron-
electron scattering. nrIXS can probe a wide domain in
the (q,w) phase space because of the high photon en-
ergy, and the absence of kinematic limitations which al-
lows q to vary independently of w. In this respect it is
different from neutron scattering and also complemen-
tary to EELS from the experimental point of view. The
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w2,k FIG. 2. Terms in the IXS

cross section: (a) nonresonant
and (b), (c) resonant scattering.
Wavy (straight) lines represent
the photon (electron) wave
functions; double lines are

wi, ko inner-shell core hole.

energy transfer is limited by the best achievable energy
resolution.

2. X-ray Raman scattering

We have considered, so far, excitations of the valence
electrons. A particular case of nrIXS, XRS, is the exci-
tation of core electrons into unoccupied states. As we
see in Sec. VI, this technique is relevant primarily to
light elements whose binding energy falls in the soft
X-ray region.

Substituting in Eq. (6) the dynamical structure factor
S(q,w) by its expression (8) and using Eq. (7), the non-
resonant scattering reads

d*o

P I )|’
dﬂzdwz <dQZ>Thgf ‘

XE,— Ep+ o). (11)

In this form, Eq. (11) is equivalent to an absorption cross
section but with eT playing the role of the transition
operator. The dependence of XRS on the momentum
transfer can be better visualized by expanding the tran-
sition operator in

(12)

In the low-¢ limit, the second term q-r in Eq. (12)
dominates; the constant term normally does not contrib-
ute to the cross section provided the initial and final
states are orthogonal. This can be compared to the con-
ventional absorption transition operator (e-r)e’**, which
simplifies into e'r in the dipolar approximation (e**
~1). Thus in XRS, q plays a role comparable to the
polarization vector € in x-ray absorption spectroscopy.

The equivalence with the absorption cross section has
been more strictly formalized by Mizuno and Ohmura
(1967) in a one electron approximation. Using the scat-
tering tensor T(w),

IT=1 +iq-r+ (iq )2+

T(w) = 2 (12 rlg) el X vlNoE, - Ep+he),  (13)
&f i
they showed that Eq. (11) is equivalent to
dzo'/dﬂzdwz = (d(T/sz)Thq . T(w) q (14)

With the same formalism, the soft x-ray absorption cross
section is found proportional to € T(w)- €, which has the
same form as Eq. (14) except for the substitution of the
momentum transfer by the polarization vector.
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A,(q)/q?
2.5 119)/q
Ao(q)/qz
2.0
1.5
|.ok
0.5+
Az(q)/qz
S— T . | |
| 2 3 4 S

q (UNITS OF 2n/a)

FIG. 3. g dependence of the matrix element A,(g) in the x-ray
Raman scattering cross section. The momentum transfer g is
given in units of 277/a where a=3.50 A is the Li unit cell pa-
rameter. From Doniach et al., 1971.

Since q-r varies with the scattering angle, the dipolar
approximation may not be valid in certain scattering
configurations, where in particular the monopolar term
can be dominant. The respective weight of the multipo-
lar expansion was studied by Doniach et al. (1971) in the
case of Li metal. The many-body interaction due to the
core-hole potential was taken into account in the XRS
cross section by the Mahan-Noziere-de Dominicis
(MND) theory of edge singularity close to an energy
threshold 7Zw,. In this framework, the dynamical struc-
ture factor can be expressed as

S(q,0) = 2[ Af(QR/(w), (15)

with A,(q) the generalized matrix element and Rfw) a
quantity which diverges as 1/(w—wy)*; «; is the MND
threshold exponent. Equation (15) is shown graphically
in Fig. 3. In the low-¢g limit in forward scattering, the

a) . b)

h’wl _\/\/L\
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dipolar A(g) term dominates and XRS is equivalent to
an absorption process in the soft x-ray region. At larger
scattering angle, the cross section is dominated by the
monopolar contribution Ay(g) while the A,(q) quadru-
polar terms can be neglected.

Unfortunately, the MND approach is no longer valid
in the cases of insulator or semiconductors, which re-
quire a more accurate treatment of the core-hole elec-
tron interaction. Based on the Bethe-Salpeter formal-
ism, Soininen and Shirley (2000) proposed an expression
of the dynamical structure factor in terms of an effective
Hamiltonian H.g, which carries the many-body interac-
tions in the excited state and p(q) the Fourier transform
of the density-fluctuation operator

p(q)*[g). (16)

1 1
S(q,0) =~ — Im<g|P(Q)m

I'(w) accounts for lifetime broadening effects. The
method was proven effective to describe the g depen-
dence of the Li K edge in the wide gap insulator LiF as
measured by XRS (Hamildinen et al., 2002).

3. Resonant scattering

When the incident photon energy is tuned to the vi-
cinity of an absorption edge, the nonresonant contribu-
tion (A? term) is no longer the leading term of the inter-
action Hamiltonian, which is now dominated by the A -p
term [Figs. 2(b) and 2(c)]. Since the scattering process is
described by an incoming as well as an outgoing photon,
the A-p term has to be considered to the second order.
In a one electron picture the RIXS process can be de-
scribed by the absorption of an incident photon followed
by the emission of a secondary photon as shown in
Fig. 4(a). In reality, the absorption and emission inter-
fere and the resonant scattering process has to be
treated as a unique event. Within the limits of the
second-order perturbation approach and neglecting the
spin-dependent terms, the total double differential cross
section is expressed using the Kramers-Heisenberg for-
mula,

FIG. 4. One-electron picture of two types of
RIXS process: (a) resonant emission and (b)
direct recombination. The shaded areas are
occupied states. AE stands for the energy of
one particular excited state relatively to the
ground state.
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<ﬂ(5; . pj)e_"k“j)|i)<i|(€1 . p,-::beikl"j’)|g)
Eg_Ei"‘ﬁ"-’l —lFl/Z

dQdho, 7

d"o r%( Zi) (1 - eiq.rj|i>(€1 . €;)+ (Z) i {
2 r v

2
5(Eg — Ef+ ﬁwl - ﬁwz), (17)

, Vlterppe™rlixil(e; - py)e™>)lg)
Eg — Ei — ﬁ(,!)z

where |g), |f), and |i) stand for the ground state, final state, and intermediate state with energies E,, Ef, and E;,
respectively. We use the standard notation for the incident and outgoing photon wave vector, energy, and polariza-
tion: (k;,%hw,€) and (k,,%w,,€,); I'; is the lifetime broadening of the core-excited state. The sums are carried over
the intermediate and final states, and over the electronic positions r. In a RIXS experiment, the incident photon
energy is chosen close to an absorption edge such that iw, = E,~ E;. Keeping only the leading term in Eq. (17), the

Kramers-Heisenberg formula then simplifies into

d2
- 2l
wq f

dQdhew, "

mj

with % the transferred energy and omitting the implicit
sum over jj'. Energy conservation is reflected by the ar-
gument of the § function in Eq. (18) and applies to the
overall scattering process. It is not binding for the |g)
— i) transition due to the short lifetime of the interme-
diate state. The energy conservation condition gives rise
to the so-called Raman shift of the scattered photon en-
ergy hw,, which varies linearly as a function of the inci-
dent photon energy. The resonant denominator and in-
terference terms in the corresponding cross section [Eq.
(18)] characterize the regime of resonant inelastic x-ray
scattering.

If one takes into account the finite lifetime in the final
state Iy, the & function in Eq. (18) has to be replaced by
a Lorentzian A(w)=T"/ (w2+Fj%). This in turn plays a fun-
damental role in the asymmetry of the RIXS profile on
resonance (Agren and Gel’mukhanov, 2000) (cf. Sec.
I1.C). Other correction terms would include convolution
by Gaussian functions to account for the experimental
resolution and incident energy bandwidth.

4. Resonant emission and direct recombination

After the absorption of the primary photon, the sys-
tem is left in an excited intermediate state. The decay of
the RIXS intermediate state can either leave a spectator
electron in the final state [Fig. 4(a)] or involve the par-
ticipant electron [Fig. 4(b)]. We discuss the former in
Sec. II.C in terms of RXES. For clarity, we distinguish
RXES from the radiative decay process (denoted RIXS
by default), where the excited electron recombines with
the core hole, thus returning the system either to the
ground state or to an excited configuration [see Fig.
4(b)]. The energy difference from the ground state AFE is
transferred to the electron system, and an excitation
spectrum for the system is thus measured through the
resonant cross section. In Sec. II.B.1, we remarked that
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information about the single particle excitation spec-
trum is contained in the dynamical structure factor
S(q,w), which is directly related to the nonresonant scat-
tering cross section. A nonresonant experiment can thus
be interpreted directly, but in practice the cross section
is weak, which is problematic for studying heavy ele-
ments as the nonresonant cross section falls with ~1/Z>
[with a jump at Z~40, cf. Fig. 1 in Scopigno et al.
(2005)]. In addition, the nonresonant measurement lacks
chemical selectivity.

Thanks to the resonant enhancement, the RIXS direct
recombination process allows low-energy excitations to
be probed in complex materials in the absence of the
core hole in the final state (Kao et al., 1996; Hill et al.,
1998). Compared to other spectroscopic techniques such
as EELS or optical absorption, RIXS presents several
advantages: (i) the momentum transfer can be varied on
a larger scale and the dispersion of the excitation studied
over multiple Brillouin zones, (ii) the scattering cross
section benefits from the resonant enhancement includ-
ing the chemical selectivity, (iii) the penetration depth is
significantly larger than for electron scattering, and (iv)
the energy-loss spectra are not contaminated by multiple
scattering contributions.

We see in Sec. IV.D that RIXS is a powerful method
when dealing with metal-insulator transitions under
pressure. The theoretical treatment of RIXS, however, is
not a trivial task as the excitonic pair formed in the in-
termediate state may interact with the valence electrons,
requiring an ad hoc treatment beyond the second-order
perturbation theory discussed in Sec. I1.D.

5. Fluorescence

Far above the absorption edge resonant processes still
exist but coherence between the absorption and emis-
sion is lost. It is no longer possible to determine when
the photon is absorbed or emitted. Time-permuted
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events such as described by diagram Fig. 2(c) contribute
to the scattering process. This situation corresponds to
the fluorescence regime or XES, where the emitted pho-
ton energy no longer depends on the choice of the en-
ergy of the incident photon. The fluorescence cross sec-
tion is well approximated using a two-step model
(absorption followed by emission) by multiplying the
x-ray-absorption cross section with the emission cross
section. This applies to the K (2p—1s) and KB (3p
—1s) emission studied later in this review. Such an ap-
proximation is, however, limited to ionic systems, where
configuration interactions in the intermediate state can
be neglected. For covalent systems, a coherent second-
order model gives a more accurate description when re-
laxation in the intermediate state can occur.

C. Narrowing effects

In the resonant regime the energy resolution of the
measured line is limited by the core hole lifetime but
this broadening I' can be partly overcome, depending on
the detuning of the incident photon energy with respect
to the resonance energy. Such a narrowing effect was
first observed at the Cu K edge (Eisenberger et al.,
1976). As explained below, narrowing is mostly effective
when the hole created in the intermediate state belongs
to a narrow and shallow level such as in RXES, de-
scribed in Sec. V.

1. Resonant x-ray emission

The RXES process consists of the absorption of an
incident photon (fw;), which provokes the transition of
a core electron to empty states followed by the emission
of a secondary photon (%w,) upon recombination of an-
other electron to the primary vacancy. To illustrate the
narrowing effects in RXES, we consider the case where
the intermediate states are delocalized states with little
overlap with the core-hole wave function. Because the
primary electron is ejected into a continuum level, the
sum over discrete intermediate states in Eq. (18) has to
be substituted by an integration over a continuous den-
sity of unoccupied states 7(e), namely, 2;—2,[den(e)
(Tulkki and Aberg, 1982; Aberg and Tulkki, 1985; Tagu-
chi et al., 2000). Omitting interference effects, the cross
section then reads

2 T,)iY*(i| T, |g)*
LZEEstn(S) ATy 1|g2) .
foi (Eg—Ei—s-i-ﬁwl) +Fi/4

[}/277
8 E,-E hw, —hw)? + T34’
( g f—8+ w1 — w2) + f

dQdhw,

(19)

where 7, and 7, are the transition operators for the
incident and emitted photons. In this simplified form,
the cross section reduces to a product of two Lorentzian
functions of width proportional to I'; and I'; and cen-
tered at two different energies, respectively, function of
w1 and w1 — Wy,
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Following the description by Hayashi et al. (2003) and
Glatzel et al. (2009), we have computed the RXES cross
section in the case of a 1s2p-RXES using the simplified
expression Eq. (19). As schematized in Fig. 5(a) in a con-
figuration scheme, the RIXS process involves the cre-
ation of successively a 1s and 2p core holes. We used
I'i=7eV, I';=2 eV for lifetime broadening effects and
considered a model empty density of states shown in the
inset to Fig. 5(c). The continuum states are represented
by a step function. In the pre-edge region, the Dirac
peaks mimic the presence of localized 3d states. The
results are shown in Fig. 5(b) as a function of incident
and transfer energy. In this plane, emission from local-
ized states appears at constant transfer energy, while
fluorescence emission disperses along the main diagonal.

Cuts of this surface at fixed fw, probe the final states
with a I'y resolution. In the opposite direction, at fixed
transfer energy, one is able to scan through the interme-
diate state but with a enlarged resolution I';>T". The
differential resolving power is clearly observed in the
pre-edge region, which stretches further in the direction
parallel to incident energy axis [Fig. 5(b)]. At the reso-
nance, a narrowing of the emission below the lifetime
broadening is observed [Figs. 5(c) and 5(d)].

2. Partial fluorescence yield x-ray absorption

Instead of measuring the emitted spectra at fixed inci-
dent energy as in RXES, one can measure scattered in-
tensity at fixed emission energy while the incident en-
ergy is varied across an absorption edge. This
corresponds to cuts along the diagonal in Fig. 5(b). As
first demonstrated by Hamaéldinen et al. (1991), the re-
sulting spectrum in this so-called partial fluorescence
yield (PFY) mode is interesting because it resembles a
standard x-ray absorption [or total fluorescence yield
(TFY)] spectrum but with better resolution. The sharp-
ening effect results from the absence of a deep core hole
in the final state. As opposed to measurements in the
TFY mode, however, the PFY spectra is not strictly
equivalent to an absorption process (Carra et al., 1995),
since it depends on the choice of the emitted energy.
Multiplet effects in the RXES final state can also distorts
the PFY line shape.

The sharpening effect is shown in Fig. 5(c) where PFY
and TFY spectra calculated from Eq. (19) are superim-
posed and compared to our model density of states. In
the PFY mode, the lifetime broadening I'pgy is given by

UTgpy = UL + 1T, (20)

In general, the lifetime broadening of the final state
is considerably smaller than that of core excited state
(I'y<T), thus giving the possibility of performing x-ray
absorption spectroscopy below the natural width of the
core excited state. The sharpening effect is especially
marked in the pre-edge region as shown in Fig. 5(c).
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FIG. 5. (Color online) Schematic explanation of the RIXS process. (a) 1s2p-RXES process in a configuration scheme. (b) Map of
the cross section in the incident vs transfer energy plane. (c) Partial and total fluorescence yield absorption spectra—inset indicates
the model density of unoccupied states. (d) Comparison of RXES spectra on resonance to fluorescence regime (off resonance).

D. Third-order terms

The Kramers-Heisenberg equation, which we have
used so far to describe the RIXS process, is derived in
the so-called sudden approximation. It relies on the
implicit assumption that the core hole left in the RIXS
intermediate state, which can be considered to form
a virtual excitonic pair with the excited electron, is
short lived enough not to perturbate the rest of the elec-
tronic system. What it fails, the Coulomb interaction
of the newly formed exciton may act as an extra poten-
tial that could scatter off valence electrons (Fig. 6).
The occurrence of such a shake-up event requires

3 AT Ty|g) >

an ad hoc treatment beyond the Kramers-Heisenberg
formulation. The shake-up process has been described
by a third-order perturbation treatment of the scattering
cross section (Platzman and Isaacs, 1998; Doring et al.,
2004), inspired by the Raman cross section for light scat-
tering by phonons. The Coulomb interaction H, be-
tween the virtual exciton and the rest of the valence
electrons is singled out from the total interacting Hamil-
tonian and treated in the perturbation theory [Fig. 7(a)].
The resulting Kramers-Heisenberg cross section pos-
sesses an additional term which contains two intermedi-
ate states |m) and |n) (Doring er al., 2004) as follows:

(A Ta|n)n|H cli)i| T:g) :
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FIG. 6. (Color online) Shake-up process in the intermediate
state of a RIXS process. |i) and |f) are the initial and the final
state and |m) and |n) are two intermediate states. From Déring
et al., 2004.

The second term in Eq. (21) describes the three-step
scattering process of Fig. 6.

In the shake-up description, the RIXS cross section is
explicitly related to the dynamical structure factor
S(q,w), weighed by a resonant denominator (Abba-
monte et al., 1999; van den Brink and van Veenendaal,
2005). Though it is a matter of debate whether this treat-
ment is necessary, it was suggested that third-order cor-
rections could explain the deviation from linear Raman
shift observed in cuprates.

III. INSTRUMENTATION

IXS is a second-order process of weak intensity. Even
though the first experiments were performed on labora-
tory and second-generation sources, the flowering of
IXS as a spectroscopic probe coincides with the devel-
opment of insertion devices on third-generation syn-
chrotrons. Simultaneously, new x-ray optics based on the
Rowland circle geometry have provided relatively large
acceptance angles while maintaining an excellent energy
resolution.

A. IXS spectrometer

1. Energy selection

Energy discrimination is achieved through Bragg re-
flection with a crystal analyzer. Because perfect crystal

a) b)
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TABLE 1. Analyzer crystals and Bragg angles sorted by in-
creasing emission energies for selected transition metals, rare
earths, and actinides.

Emission line  Energy (eV) Analyzer Bragg angle (deg)
Mn-Kay 5900.4 Si(440) 71.40
Fe-Kay 6405.2 Si(333) 67.82
Mn-Kp; 3 6490.4 Si(440) 84.10
Co-Kay 6930.9 Si(531) 76.99
Fe-Kp, 3 7059.3 Si(531) 73.06
Ni-Ka, 74803 Si(620) 74.82
Co-KpBi 3 7649.1 Si(620) 70.70
Cu-Kaq 8046.3 Si(444) 79.38
Ni-KB; 3 8264.6 Si(551) 80.4
Cu-KBy 3 8903.9 Si(553) 79.97
Ce-La; 4840.2 Si(400) 70.62
Yb-Lay 7416.0 Si(620) 76.78
U-Leoy 13614.7 Ge(777) 77.40

quality is required to attain the best resolving power, Si
or Ge analyzers are preferentially used. Another key
point is to adapt the Bragg angle to the photon energy in
order to minimize the geometrical contribution to the
resolution. This quantity is given by Eq. (22), where A6
is the source size (including the beam divergence) and 6p
is the Bragg angle of a given reflection. Thus, the higher
the Bragg angle, the smaller the geometrical term,

AE = A6 cot 65. (22)
g
Typical analyzers are indicated in Table I for selected
transition metals, rare earths, and actinides emission en-
ergies.

2. Rowland circle

IXS has largely benefited from the technological de-
velopments concerning x-ray spectrometers. A major
step towards high-resolution-high-flux spectrometers
was to adapt the Rowland circle in the Johann geometry
to x-ray optics. In this approximate geometry, the
sample, the analyzer, and the detector sit on a circle
whose diameter corresponds to the analyzer bending ra-
dius R. The Johann geometry departs from the exact

FIG. 7. First-order Coulomb corrections (dot-
ted line) to RIXS. In (a), an excitonic pair is
formed in the intermediate state.
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focusing or Johansson geometry by a different curvature
of the analyzer surface, as shown in Fig. 8. In the latter,
the analyzer surface entirely matches the Rowland
circle, while in the former the focusing condition is only
fulfilled at a single point.

Grinding the analyzer surface to fulfill the Johansson
condition is a difficult task, and the Johann geometry is
usually preferred. The consequent Johann error can be
expressed by Eq. (23), where r is the distance from the
analyzer center. This contribution to the overall reso-
lution is negligible as long as the analyzer diameter is
small compared to the bending radius,

AE| _1(r

2
7| = 5(}) cot? 6. (23)
J

3. Analyzer bending

The spherical crystal analyzer is the key element of
the spectrometer and must be optimized for the best
trade-off between resolution and count rate. It collects

PRESSURE
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FIG. 8. (Color online) Johann geometry is an
approximation of the Johanssonn geometry
for large AE.

scattered photons from a large solid angle, selects the
required photon energy, and focuses the beam onto the
detector. Among different possible focusing setups and
corresponding analyzer design, we describe here spheri-
cally bent analyzers for they combine several advantages
including large solid angles and relatively high reso-
lution. Static bending can be realized by pressing the
analyzer wafers onto a spherical glass substrate. The two
pieces are bonded together either by gluing the analyzer
backface with a resin or by anodic-bonding method
which was recently applied to the fabrication of Si ana-
lyzers (Collart et al., 2005). In this technique, bonding is
ensured by migration of Na* ions in the glass at high
temperature and in presence of a high electric field,
away from the glass/Si interface. The fixed O% ions at
the interface exert a strong Coulomb force on the Si
wafer, which irreversibly adheres to the substrate due to
the formation of Si-O bonds. Figure 9 shows a press
developed for anodic bonding at IMPMC (Paris).

Bending a crystal results in elastic deformations that
affect the energy resolution according to

convex pyrex wafer

FIG. 9. (Color online) Press for anodic bond-
ing. From Collart et al., 2005.
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FIG. 10. (Color online) Diamond anvil cell equipped with a
solid (left) and perforated (right) diamond. The sample shown
in dark gray is contained in a gasket that is compressed be-
tween the anvil and the piston. Pressure can be realized by
inflating a metallic membrane schematized by the curvy line.

Ly o

|, R|cot (6p) — 1, (24)
where [ is the effective thickness of the crystal and v is
the material Poisson ratio. This term is normally small,
but a conventional gluing process generally introduces
extra strain locally due to an inhomogeneous layer of
glue, which further contributes to enlarge the energy
bandwidth. Because of the absence of interfacial gluing
resin, the anodic-bonding technique provides better res-
olution. An intrinsic resolution of the order of 200 meV
was obtained at 8.979 keV with a 2-m radius Si(553) ana-
lyzer prepared at IMPMC. Another possibility is to use
diced Si analyzers (Masciovecchio et al., 1996), which are
more suitable for applications requiring very high reso-
lutions, below the 100 meV level; but one generally pays
a price associated with a correspondingly lower count
rate.

B. Pressure setups for the spectroscopist

1. Scattering geometries at high pressure

DAG: are easily the most widely used pressure cells in
x-ray spectroscopy [see Jayaraman (1983) for a descrip-
tion of the DAC technique]. Let alone the exceptional
hardness of diamonds which has pushed the highest
achievable pressures to the megabar region, diamonds
are transparent in a broad spectral range covering infra-
red, visible light, and x ray (mostly above 5 keV). DACs
are small devices which can be easily mounted on a go-
niometer head, in a vacuum chamber or in a cryostat for
low-temperature measurements, or coupled to a power-
laser source such as in laser-heating technique.

The standard procedure is to load the sample in a
chamber drilled in a gasket that serves to limit the pres-
sure gradient during compression by the two diamonds.
To ensure hydrostaticity, the gasket chamber is normally
filled with a pressure transmitting medium. Ruby chips
are also inserted for pressure calibration. Different ge-
ometries can be envisaged depending on the experimen-
tal needs. Figure 10 shows the setups used in x-ray spec-
troscopy with in-plane, transverse, or transmission
geometries. Both in-plane and transverse geometries re-
quire x-ray transparent gasket material such as high-
strength Be. Because Be is lighter than C, in-plane de-
tection through Be gasket seems to be the most efficient
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geometry, while the absorption of the diamonds, particu-
larly strong along the exit path—the scattered energies
typically fall within the 5-10 keV energy range—makes
it difficult to work in full transmission geometry. How-
ever, determining the optimum geometry requires self-
absorption of the scattered x rays to be taken into con-
sideration.

The self-absorption strength depends on the total
sample length projected along the detection direction,
here the sample-analyzer axis, and the x-ray attenuation
length for the considered material. The two-dimensional
(2D) intensity profile emitted by the sample is shown in
Fig. 11 for different geometries: (a) in-plane scattering
through a Be gasket, (b) transverse geometry (the inci-
dent x ray enters the cell through diamond and exits
through a Be gasket), and (c) full transmission through
the diamonds. The simulation was carried out by consid-
ering a sample of diameter 100 wm placed in an incident
x-ray beam of 15 keV, and an attenuation length of
30 um typical of transition-metal and rare-earth com-
pounds. As expected, the highest peak intensity is ob-
tained for the in-plane configuration, but because both
incident and emitted x ray are strongly absorbed only a
portion covering about one-third of the sample surface
is visible from the analyzer point of view. In the trans-
verse configuration, the fluorescence comes approxi-
mately from one-half of the sample. Even if the first
diamond absorbs part of the incident beam, the inte-
grated intensity is comparable to the in-plane configura-
tion thanks to the wider emitting area. Finally, a homo-
geneous sample can be obtained in the full transmission
mode, but then the emitted intensity is strongly ab-
sorbed by the exit diamond, resulting in a loss of inten-
sity by a factor of =30.

The latter limitation can be avoided to a large extent
using perforated diamonds as recently proposed (Dada-
shev et al., 2001). The diamonds can be either partially
emptied leaving simply a thin but opaque back-wall
(down to 200 wm) or fully drilled as shown in Fig. 10; in
such a case, a small diamond (typically of 500 um
height) is glued onto the tip of the perforated (bigger)
diamond with the advantage of an optical access to the
sample chamber. In the very high pressure regime, solid
diamonds are preferable and the transverse geometry
therefore appears as the best compromise between inte-
grated intensity and sample homogeneity, as long as the
sample size is kept small compared the attenuation
length and hydrostaticity preserved throughout the en-
tire pressure range. Finally, EXAFS measurements
down to the S K edge (2.47 keV) under high pressure
were recently made possible using Be gaskets in the in-
plane geometry, where part of the gasket material was
hollowed out along the scattering path.

2. Combined pressure and temperature

To explore the complete phase diagram of electronic
transitions, it is essential to be able to apply high pres-
sure while simultaneously varying temperature. At one
extreme, combined high temperature and high pressure
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FIG. 11. (Color online) Self-absorption effect in a model transition-metal sample contained in a pressure cell. From top to bottom,
sample geometry (a) in-plane scattering, (b) transverse geometry, and (c) full transmission (the sample and the gasket are shown in
gray); 2D emission profile; integrated intensity. The sample diameter is 100 um, and with an attenuation length of 30 um, typical

of metal oxides around 8 keV. From Rueff et al., 2005.

permits the description of, for instance, magnetism in
transition metals or materials of geophysical interest.
High temperature at high pressure can be reached by
resistive oven or laser heating techniques. Especially,
double-sided laser heating enables a homogeneous and
constant temperature over the illuminated sample area
in the DAC (Lin, Struzhkin, Jacobsen, Shen, et al., 2005;
Schultz et al., 2005). At the other extreme, low tempera-
ture allows one to explore for instance the rich phenom-
ena related to quantum criticality in heavy fermions
(HFs), discussed further in Sec. VIL.A. For low-
temperature applications the pressure cell can be
mounted in a cryostat and put in thermal contact with
the cold finger.

The next sections will be devoted to experimental re-
sults. We discuss successively excitations of d and f elec-
trons before addressing those in light elements.

IV. LOCAL MAGNETISM OF TRANSITION-METAL
COMPOUNDS

The general behavior of d electrons suggests a delo-
calized character. In transition metals, they form a band,
located in the vicinity of the Fermi energy, of large width
when compared to the other characteristic energy scales.
A further proof of the bandlike behavior of d electron is
found in the dependence of the molar volume as a func-
tion of band filling shown in Fig. 12. The quasiparabolic
behavior observed in the d series is indicative of a
simple band state. However, this view is simplistic and

Rev. Mod. Phys., Vol. 82, No. 1, January—March 2010

the localized or itinerant behavior of d electrons has in
fact been the subject of a long-standing controversy,
which originally goes back to Van Vleck and Slater’s
study of magnetism. An emblematic example of the ap-
parent dual behavior of d electrons is Fe. The metallic
character of Fe indicates itinerant d electrons, while its
magnetic properties are well described by an assembly
of localized spins. Another striking contradiction ap-
pears in transition-metal oxides, such as NiO, as re-
vealed in the early work of de Boer and Verwey. NiO
has a partially filled d band and should be metallic. In-
stead, NiO is a wide-gap insulator as are most transition-
metal oxides.
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FIG. 12. (Color online) Molar volume as a function of the
occupation number for the 3d, 4d, 4f, and 5f series.
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A. Electron correlations in the compressed lattice

1. Mott-Hubbard approach

In many transition-metal compounds, the Coulomb
repulsion U between d electrons is of the same order of
magnitude as the d bandwidth. The Mott-Hubbard
Hamiltonian is a simplified, yet effective, approach for
dealing with electron correlations. The correlated sys-
tem is described by a single-band model in which the d
electrons experience a Coulomb U interaction when two
of them occupy the same site. In the Mott Hubbard
framework, the contribution of U is formalized as an
extra term added to the kinetic energy ¢ in the Hamil-
tonian

H= 2 li]‘ajo_ajo.‘i‘ UE npn;, (25)

ij.o i

where afo (a;,) creates (annihilates) an electron of spin o
at site i, and n,-ozafaaw. In the strongly correlated pic-
ture, the relative magnitude of U and the d-bandwidth
W governs the tendency toward localized (U/W>1) or
itinerant (U/W <1) behavior of the d electrons. Corre-
lations thus provide an explanation for the nonmetallic
character of several transition-metal compounds: in the
case of half (or less) filling, hopping of d electrons
through the lattice is energetically unfavorable because
of the strong on-site Coulomb repulsion, leading to the
splitting of the associated d band through the opening of
a correlation gap and the consequent characteristic insu-
lating state. This theoretical understanding was later ex-
tended and refined by Zaanen, Sawatzky, and Allen
(ZSA) (Zaanen et al., 1985) to account for large discrep-
ancies observed between the estimated and measured
band gap in some transition-metal insulators and also
explain their photoemission spectra. In addition to the
on-site d-d Coulomb interaction U employed in the
original Mott-Hubbard theory, the ligand-valence band-
width, the ligand-to-metal charge-transfer energy (A),
and the ligand-metal hybridization interaction are ex-
plicitly included as parameters in the model Hamil-
tonian. Systems where U <A are dubbed Mott insulators
while U> A characterizes so-called charge-transfer insu-
lators. In particular, it is now well established that the
correlation energy U is relatively high in NiO, and the
band gap is of the charge-transfer type that is primarily
O-2p to Ni-3d character, because the correlation gap is
actually larger than the charge-transfer gap. Correla-
tions are also a necessary ingredient in transition metals
to derive the correct magnetic anisotropy (Yang et al.,
2001) or charge density (Dudarev et al., 2000).

This classification scheme has been successful in de-
scribing the diverse properties and some seemingly con-
tradicting behavior of a large number of these com-
pounds. However, these high-energy-scale charge
fluctuations are primarily characteristic of the elements
involved, and thus cannot be freely adjusted for system-
atic study of their effects, although they can be varied
somewhat by external temperature and magnetic field.
On the other hand, pressure can introduce much larger
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FIG. 13. Metal-insulator transition in correlated transition
metal. From Imada er al., 1998.

perturbations of these parameters than can either tem-
perature or magnetic field. Hence, it is of great interest
to study the high-pressure behavior of these systems,
and specifically to correlate observed transformations
with changes in electronic structure.

2. Pressure-induced metal-insulator transition

One important aspect of pressure-induced electronic
changes are metal-insulator transitions. According to the
classification proposed by Imada et al. (1998), pressure
deals with bandwidth-control (BC) MIT as it affects the
interatomic distances; hence the orbital overlap and the
related bandwidth. In this picture, the control parameter
U/t (or equivalently U/W) determines the transition
from a Mott insulator to a metallic state. V,03 is a pro-
totypical example of a BC-type insulator to metal tran-
sition by application of pressure. In correlated materials,
the metallic state (gray area in Fig. 13) in the immediate
vicinity of the insulator state shows an anomalous be-
havior: the carriers are on the verge of localization, and
the system is subject to strong spin, charge, and orbital
fluctuations. This is the case, for example, in V,0;3,
which is characterized by anomalous specific heat and
susceptibility near the MIT region.

The strength of resonant spectroscopy lies in its ability
to decouple these different degrees of freedom while
applying pressure. The change in the charge transfer and
electronic correlations through the MIT will be dis-
cussed in Sec. IV.D.

B. Magnetic collapse

1. Stoner picture

In his pioneering work, Mott pointed out the close
relationship between the insulating state of transition-
metal compounds and electronic density (Mott, 1968). In
Mott’s picture, the insulating character persists upon in-
creasing density (i.e., pressure) until screening becomes
effective enough to destroy the electronic correlation
that maintains the insulating state, while the d band-
width increases due to the growing band overlap. At
high pressure, the system is therefore expected to un-
dergo a first-order insulator-metal transition, which is
usually accompanied by the disappearance of the local d
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magnetic moment (and not only the long-range magne-
tization). Using the Hubbard description of the itinerant
magnetism [Eq. (25)], the stability of the d magnetism
can be formalized by the Stoner criterion [Eq. (26)]. De-
pending on the strength of the on-site Coulomb repul-
sion U, the electron system will behave as a Pauli para-
magnet at small U while turning ferromagnetic (FM)
when U exceeds a critical value U, defined by

Uen(ep) =1, (26)

with n(ep) the density of the paramagnetic states at the
Fermi energy. The Stoner criterion expresses the bal-
ance between exchange and kinetic energies. It has
straightforward implications for the high-pressure elec-
tronic behavior. As the d bandwidth increases, n(ep) de-
creases, eventually leading to a state where the Stoner
criterion is no longer fulfilled, with a significant loss of
the magnetic moment. Here this magnetic collapse is un-
derstood as a direct consequence of the progressive de-
localization of the d electrons under pressure. Krasko
(1987) proposed an extended Stoner criterion where
n(eg) is replaced by the averaged density of state 7,
which explicitly depends on both the spin and magnetic
moments. The extended Stoner calculations bridge the
gap between the localized approach (crystal field-
induced) and the conventional Stoner theory and was
especially applied to magnetic collapse in transition-
metal oxides (Cohen et al., 1997).

2. Description in the atomic multiplet approach

Alternatively, magnetic collapse can be discussed
within the atomic multiplet picture, which retains the
localized 3d aspects. The multiplet approach is mostly
useful when discussing core-hole spectroscopic data as
the core-hole wave function overlaps strongly with the
valence orbitals, leading to strong Coulomb interaction
(cf. Sec. IV.C). An extensive description of the multiplet
approach can be found in Cowan (1981), while its appli-
cation to core hole spectroscopy is the object of a recent
work by de Groot and Kotani (2008). Consider the case
of a free atom with N electrons. The atomic interaction
Hamiltonian is expressed by

2

Haom= 2 —+ 2 L)l s;. 27)
pairs ri N

It contains the effective electron repulsion and spin-
orbit coupling. We have omitted the kinetic energy term
of the electrons, the Coulomb interaction with the
nucleus and the spherical part of the electronic repulsion
which are equivalent for all electrons. They define the
average energy of the electronic configuration, while Eq.
(27) gives the relative energy of the different states
within a given configuration. The configurational energy
can be estimated by computing the H,, matrix ele-
ment. For a 3d" ion with a **! L, term symbol, the Cou-
lomb part is usually expressed in terms of Slater-Condon
direct and exchange integrals F*, G* (f,g;) for the ra-

dial (angular) part,
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The presence of a crystal electric field (CEF) potential
¢(r) is treated as a perturbation to the atomic Hamil-
tonian. In d-electron systems, the CEF strength is larger
than the spin-orbit coupling and will strongly affect the
energy levels by lifting their degeneracy. In octahedral
(O,,) symmetry, the crystal field depends on a unique
parameter 10Dgq, defined as the average energy separa-
tion between the two crystal field split d orbitals, 7,, and
e, (see Fig. 15). The energy level splitting as a function
of the crystal field is known as the Tanabe-Tsugano dia-
gram. Figure 14 shows as an example the energy level
splitting for the 3d° ion. The diagram offers a rationale
for the magnetic collapse under pressure as the CEF
strength depends sensitively on the interatomic distance
and therefore on pressure. In our example, the ground
state in the weak-field (low-pressure) limit has a 6A1
symmetry with the five electrons spin up (§=5/2). When
pressure is applied, the crystal field strength increases as
a result of the metal-ligand distance shortening, eventu-
ally resulting in a high-spin (HS) to low-spin (LS) tran-
sition and spin pairing. The ground state term changes
to 2T2g and the spin moment diminishes to S=1/2. In
this picture, the magnetic collapse therefore results from
a competition between the crystal field and the exchange
interaction. As an intra-atomic property, the latter is
barely affected by pressure in contrast to the CEF, and
the magnetic collapse occurs when the CEF strength
overcomes the magnetic exchange. The picture is sum-
marized in Fig. 15.

Experimental results of pressure-induced magnetic
collapse in transition metal as well as the relative influ-
ence of crystal field versus bandwidth will be discussed
in Secs. IV.D-IV.G. Table II gives a summary of the re-
sults obtained so far in transition-metal compounds un-
der pressure along with their main physical properties.

C. XES at the KB line

Besides other techniques conventionally devoted to
magnetism, X-ray emission spectroscopy can be used as
an alternative probe of the transition-metal magnetism.
XES is well suited to high-pressure studies thanks to the
intense fluorescence yield in the hard x-ray energy
range, especially when combined with bright and fo-
cused x-ray beams provided by third-generation syn-
chrotron sources. More particularly, the KB (3p—1s)
emission line from the transition-metal atom [and to a
less extent the Ka (2p —1s) line] turns out to be ex-
tremely sensitive to the transition-metal spin state.

As discussed below, the overall spectral line shape of
the KB line in a transition metal consists of an intense
main line (K3, ;) and a satellite structure (Kp') located
on the low-energy side. The satellite has been succes-
sively proposed to arise from exchange interaction
(Tsutsumi et al., 1976), shake-up or plasmon phenomena,
and charge transfer effects (Kawai et al, 1990), before
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FIG. 14. (Color online) Tanabe-
Tsugano diagram of a 3d° ion in
octahedral symmetry. The dia-
gram was computed with the
CAMMAG program (Cruse et al.,
1979). The configuration energy
(E) and crystal-field strength
(A) are normalized by the Ra-
cah parameter B. Thick lines
indicate the ground state in
weak- and high-field limits.

being attributed correctly to the multiplet structure (de
Groot et al., 1994; Peng et al., 1994; Wang et al., 1997). To
illustrate our purpose, we now consider the case of a Fe
trivalent ion (3d°) in octahedral (O,) symmetry which
exhibits particularly clear spectral changes.

1. Example of a 3d° ion

The Fe** KB emission line from Vankd, Neisius, ef al.
(2006) is shown in Fig. 16 for both high- and low-spin
configurations. They were measured in a Fe** spin-
crossover compound where the spin transition is driven
by temperature change. The spectra are normalized to
the integral. At the spin state transition, the low-energy
satellite decreases while its spectral weight is transferred
to the main peak which increases. The modification of
the line shape is correlated with a slight energy shift,
which ensures that the spectrum center of mass stays
constant.

Figure 17 shows the KB XES process in a configura-
tion scheme for a 3d° ion. The initial state is formed by

High-spin Low—spin
_ e
1otoe, ¢
3d° T 10D, 3d° 10D,
o+ t
HoH

FIG. 15. Example of high-spin (§=5/2) and low-spin (S
=1/2) configurations for a 3d° metal ion in octahedral symme-
try. 10D, is the crystal-field strength.
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a 1s core hole (>S configuration), which couples to the 3d
states. For a 3d" ion with a "' configuration, the
15-3d exchange interaction splits the degenerate ground
state into two configurations of high-spin (**>L) and
low-spin symmetries (*L). Thus in a 3d° (°S) configura-
tion, one expects two intermediate states of °S and 'S
symmetries by application of the 2S®°S cross product.
In the final state, the 3p-3d exchange interaction leads to
two “spin-polarized” configurations, (3p'3d') and
(3p'3d'), according to the two possible spin orientations
for the 3p hole with respect to spin-up d electrons. In
our example, two final states of P and °P symmetries
are formed, leading to a main peak (K3 ;) and a satel-
lite (KB') structure that characterizes the emission spec-
trum. An additional feature (°P”) is found in the spin-up
channel. It is due to a spin-flip excitation in the 3d band
and shows up as a shoulder to the main peak. Configu-
ration interaction in both the initial and final states may
lead to mixing of states, ending in a complicated multi-
plet structure. But the spread of the multiplet terms is,
nevertheless, dominated by the 3p-3d exchange interac-
tion because of the strong 3p overlap with the 3d states.
As originally proposed by Tsutsumi et al. (1976), the
energy difference between the main peak and the
satellite is, to a crude approximation, proportional to
G'3(3p,3d)(25+1), where G3(3p,3d) is the Slater ex-
change parameter between the electrons in the 3p and
3d shells (of the order of 15 eV). The 3p spin orbit splits
the states further within ~1 eV. Through a magnetic
collapse transition, the 3d magnetic moment abruptly
changes and so does the KB line shape (see Fig. 16).
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TABLE II. Summary of main properties of the studied transition-metal compounds under pressure.
S is the metal spin state obtained from XES. The magnetic state is either paramagnetic (PM), ferro-
magnetic (FM), antiferromagnetic (AF), or nonmagnetic (NM). I (M) corresponds to insulating (me-
tallic) state; LS, IS, and HS stand for low-spin, intermediate, and high-spin states. * indicates debated

structure, 1 indicates semiconducting.

Sample Formal valence P (GPa) T (K) Structure Properties S
MnO 2+ 0 300 NaCl (APF)I HS
100 300 NiAs (NM)M LS?
Fe 2+ 0 300 bce (FM)M HS
13 300 hep (NM)M LsP
20 1400 fcc (PM)M LS¢
FeS 2+ 0 300 NiAs (AP)I HS
10 300 Monoclinic (NM)MF Ls¢
FeO 2+ 0 300 NaCl (AP)I HS
140 300 NiAs* (NM)M LS¢
Fe,O3 3+ 0 300 Corundum (AF)I HS
60 300 Corundum* (NM)M Ls'
Fe;C 3+ 0 300 Orthorhombic (FM)M HS
10-25 300 Orthorhombic (NM)M LS®
Fe-Ni (Invar) 2+ 0 300 fee (FM)M HS
20 300 fec (NM)M Ls"
(Mg,Fe)O 2+ 0 300 NaCl (PM)I HS
60 300 NaCl (NM)M LS'
80 2000 NaCl (NM)M LS
(Mg,Fe)SiO; 2+4+/3+ 0 300 Perovskite PM() HS/HS
120 300 Perovskite (NM)I LSS
138 2500  Post-perovskite  (NM)I 1s/-!
CoO 2+ 0 300 NaCl (AF)I HS
100 300 NaCl (NM)M LS?
LaCoO; 3+ 0 300 Perovskite (PM)I IS
10 300 Perovskite (NM)M Ls™
Lag 7,81 13C005 3+/4+ 0 34-300 Perovskite (PM)M IS/LS
14 34-300 Perovskite (NM)I LS/LS"
NiO 2+ 0 300 NaCl (APF)I HS
(140) 300 NaCl (AP)I HS*

“Mattila et al. (2007).
bRueff, Krisch, et al. (1999).
‘Rueff et al. (2008).

dRueff, Kao, et al. (1999).
°Badro et al. (1999).

Badro et al. (2002).

SLin et al. (2004).

"Rueff et al. (2001).

Note that the final state splitting is less clear in the K«
XES because of the weaker 2p-3d overlap.

Thus, XES appears as a local probe of the 3d magne-
tism. No external magnetic field is required since XES
benefits from the intrinsic spin polarization of the d elec-
trons. In the following, we review XES results obtained
in various transition-metal compounds under high-
pressure (and temperature) conditions. Starting from a
purely phenomenological approach, we see that the
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‘Badro et al. (2003), Kantor et al. (2006), and
Lin, Struzhkin, Jacobsen, Hu, et al. (2005).

ILin et al. (2007).

¥Badro er al. (2004).

"Lin er al. (2008).

"Vankd, Rueff, et al. (2006).

"Lengsdorf ef al. (2007).

variation of the XES line shape across a magnetic tran-
sition is well accounted for by full multiplet calculations
including ligand-field and charge-transfer effects provid-
ing valuable information concerning d-electron proper-
ties under extreme conditions.

2. Integrated absolute difference

Unfortunately, the magnetic information contained in
the XES spectra is not immediately available. In the ab-
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FIG. 16. (Color online) Fe KB emission line through a
pressure-induced high-spin to low-spin transition in a 3d° Fe-
based molecular complex. The spectra are normalized to the
integral. HS-LS difference spectrum is shown in gray.

sence of formal sum rules such as in x-ray magnetic cir-
cular dichroism (XMCD), one is restricted to using a
more approximate approach. The changes of the local
magnetic moment can be estimated from the integrated
absolute difference (IAD) (Rueff, Krisch, et al., 1999;
Vankd, Neisius, et al., 2006; Vanké, Rueff, et al., 2006),
which relates the spectral line shape to the 3d spin-state
as follows:

IAD:J |Ixgs(w,P) — Ixgs(w,Pp)|dw, (29)

where Ixgg(P) is the intensity of the x-ray emission at a
given pressure P and P, is a reference pressure point.
The TIAD is a phenomenological analysis but shows re-
markable agreement when compared to model systems.
Vanké, Neisius, et al. (2006) applied the IAD analysis to
Fe?* spectra of known spin state (Fig. 18). The spectra
were constructed from a linear combination of yyg HS
and (1-7yys) LS XES spectra. The deviation Ayyg of the
extracted high-spin fraction compared to the nominal
values is negligible.

Binding energy

3d,|g)
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Ths

FIG. 18. (Color online) Deviations of the HS fraction yyg as
determined from different extraction techniques in simulated
XES spectra of known spin state. The spectra are constructed
from a linear superposition of theoretical HS and LS spectra in
a Fe?* ion with a HS weight vyyg (inset). The IAD values (open
circles and dots) show the best results. Adapted from Vanko,
Neisius, et al., 2006.

3. Temperature effect

At a given pressure, excited spin states of energies
within k3T from the ground state will mix. At equilib-
rium, the spin population in a pure atomic approach
can be described by considering an assembly of ions
in a series of spin states i defined by their enthalpy H,
and degeneracy g;. The fraction of ions in the i state
is given by Eq. (30), assuming a Boltzmann statistics
(B=1/kgT). The main effect of temperature is to
broaden the spin transition as shown in Fig. 19. Accord-
ing to this simulation, a broadening of the transition is
already observed at room temperature, where most of
the measurements were performed. However, the smear-
ing due to thermal excitations becomes dominant only in
the very high-temperature region,

1

1+ % exp[- B(H, - H)]

j#i 8i

(30)

n;

FIG. 17. (Color online) K3 pro-
cess on a configuration level
scheme in the case of a 34> ion.
lg),li),|fY denote the ground
state, intermediate, and final
states. Spectroscopic terms are
indicated.
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FIG. 19. (Color online) HS fraction in Fe?*.
Pressure dependence of enthalpies from
Tsuchiya et al. (2006).
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D. Connection to metal-insulator transition

We now turn to experimental results about high-
pressure magnetic properties of strongly correlated elec-
trons with an emphasis on transition-metal oxides. Be-
cause these are wusually wide-gap insulators with
antiferromagnetic (AF) correlations, we expect magnetic
collapse occurs at very high pressure in close connection
with metal-insulator transition.

1. Transition-metal monoxides

Using local density approximation (LDA) and gener-
alized gradient approximation (GGA) band structure
approaches, Cohen et al. (1997, 1998) performed system-
atic calculations of the magnetic moment of the series of
early transition-metal monoxides (MnO, FeO, CoO, and
NiO), which are prototypes of strongly correlated mate-
rials and the simplest transition-metal oxide systems. At

Pressure (GPa)

FIG. 20. (Color online) Calculated magnetic moment in
transition-metal oxide as a function of pressure: GGA (open
circles) and LDA (solid circles) results. The vertical lines de-
note the calculated transition pressures. From Cohen et al.,
1997.
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ambient conditions, the monoxides are insulators of
mostly charge-transfer character (Bocquet et al., 1992;
Hiifner, 1994) (A< U) with large U of about 5-10 eV.
They argued that at high-pressure LDA still holds as the
system becomes metallic as U/W< VN (with N the d
orbital degeneracy) and the magnetic stability was
checked using a refined form of the Stoner criterion of
Eq. (26) including the spin polarization of the density of
states. Figure 20 shows the variation of the calculated
magnetic moment with pressure. In MnO, CoO, and
FeO, the calculations yield a LS ground state at high
pressure. Note that in the latter, the HS-LS transition is
pushed to very high pressures when using LDA + U com-
pared to LDA or GGA (Gramsch et al., 2003). No spin
transition occurs in NiO as expected from a 3d® configu-
ration in O, symmetry. The transition pressures, indi-
cated by vertical bars in Fig. 20, roughly coincide with
the experimental metal-insulator transition (or associ-
ated structural transition) pressures in these materials.
Magnetic collapse has been investigated in MnO,
FeO, CoO, and NiO in the megabar range (Mattila et al.,
2007) by XES. The experimental conditions are given in
Rueff er al. (2005). Figures 21(a)-21(d) summarize the
KB emission spectra measured in the transition-oxide
series at low and high pressures. All spectra but NiO
show significant modifications in the line shape, essen-
tially observed in the satellite region, through the
transition.? Following the description put forward by
Peng et al. (1994) within the atomic multiplet formalism,
the satellite is expected to shrink with decreasing 3d
magnetic moment, and move closer to the main peak.
This agrees well with the observed spectral changes
when going from MnO (3d°, §=5/2) to NiO (3d%, S=1).
It also qualitatively accounts for the collapse of the sat-

’The asymmetric broadening of the main line in FeO at
140 GPa is an artifact.
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FIG. 21. (Color online) Magnetic collapse in monoxides ob-
served by XES. (a)-(d) KB-XES spectra measured in MnO,
FeO, CoO, and NiO in both low- (close circles) and high-
pressure (open circles) phases. * indicates spectra obtained af-
ter of-line laser heating. (e)—(h) Calculated spectra at ambient
pressures (thick lines) and high pressures (thin lines). Ticks
represent the multiplet states, before broadening. From Mat-
tila et al., 2007.

ellite at high pressure observed in MnO, FeO, and CoO,
viewed as the signature of the HS to LS transition on the
given metal ion. The unchanged spectra in NiO, where
no such transition is expected, confirm the rule.

The atomic description, however, omits the crucial
role played by the O(2p)-M(3d) charge-transfer effects
and finite ligand bandwidth. To take these into account
full multiplet calculations within the Anderson impurity
model (de Groot, 2001; Kotani and Shin, 2001) can be
used. In contrast to bandlike treatment of d electrons,
crystal field, ligand bandwidth, and charge transfer are
explicitly introduced here as parameters. The model, de-
rived from the configuration interaction approach, was
first put forward to explain the core-photoemission spec-
tra of transition metals (Zaanen et al., 1986; Mizokawa et
al., 1994). It was later applied to the KB emission line in
Ni compounds (de Groot et al, 1994) and recently in
transition-metal oxides (Tyson et al., 1999; Glatzel et al.,
2001, 2004). The multiplet calculation scheme yields an
accurate model of the emission line shape. More inter-
estingly, it allows a direct estimate of the fundamental
parameters, which are adjusted in the calculations with
respect to the experimental data.
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Inclusion of the charge transfer in the multiplet calcu-
lations substantially improves the simulated main peak
to satellite intensity ratio, via a transfer of spectral
weight to the main peak. In the cluster model charge
transfer enters the calculations through a configuration
interaction scheme. Details on the computational
method is given in Mattila et al. (2007). The model pa-
rameters were first chosen to reproduce the emission
spectra at ambient pressure and subsequently fitted to
the high-pressure data. The parameters, charge-transfer
energy A, hybridization strength in the ground state (V,
and V, ), the ligand bandwidth W(O-2p), the on- sité
Coulomgb interaction U, and the crystal-field splitting
10Dq are summarized in Table III. U is a second-order
perturbation of the spectral line shape and was dropped
in the calculations when not necessary.

Figures 21(e)-21(h) show the calculated spectra for
both the ambient and high-pressure phases. For MnO,
CoO, and FeO the calculations in the highest-pressure
phases yield a LS ground state, even though the high-
spin state multiplet stays energetically close. An inter-
mediate regime is therefore expected where both HS
and LS states coexist on the same ion, which indeed has
been observed in several transition metals (cf. Sec.
IV.E.2) and oxides (cf. Sec. IV.F.2.a). The HS-LS transi-
tion is then understood as resulting from the conjugated
effects of increase of the crystal-field parameter 10Dq
and a broadening of the O-(2p) bandwidth W,,, together
with an increasing covalent contribution from the hy-
bridization to the ligand field at high pressures. The in-
crease of 10Dq is seen as the driving force toward a LS
state. It traces back to the atomic description of the
magnetic collapse. More notable is the interplay of the
ligand bandwidth together with the increased hybridiza-
tion. The parallel evolution of these parameters across
the magnetic collapse transition is represented in a
phase diagram; see Fig. 22. The lines mark the calcu-
lated HS-LS transition boundary for CoO for different
values of V,. The results illustrate the dual behavior
(both localizéd and delocalized) of the correlated d elec-
trons at extreme conditions.

2. Fe,03: Magnetic metastable states

Hematite is another wide-gap AF insulator archetypi-
cal of Mott localization but presents a distinct behavior
from the monoxides as it involves reportedly metastable
spin states. The stable « phase at ambient pressure crys-
tallizes in the corundum structure. At a pressure of
about 50 GPa, Fe,Oj; transforms into a low-volume
phase of still debated nature. A recent Mossbauer study
demonstrated that the structural change is accompanied
by an insulator to metal transition, understood by the
closure of the correlation gap and the emergence of a
nonmagnetic phase (Pasternak et al, 1999). The abrupt
magnetic collapse at 50 GPa was confirmed by XES ex-
periment at the Fe K@ line [cf. Fig. 23(a)], again showing
the relationship between the Mott transition and mag-
netic collapse as in the monoxides. More interestingly,
in a similar XES experiment at the Advanced Photon
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TABLE II1. Parameters used in the calculations (in eV). A is the charge transfer energy, U is the d-d
correlation, Veg is the hybridization strength, the crystal-field splitting is given by 10Dgq, the core-hole
Coulomb interaction by Uy, and W,, denotes the ligand bandwidth.

P (GPa) A U Veg 10Dq Uye Wap
MnO

0 (HS) 5 2.2 1 10 3

80 (LS) 3.06 1.6 10 4

100 (LS) 6 3.7 2.3 10 6
FeO

0 (HS) 2.4 0.5 7 3

140 (LS) 32 0.8 7 9
CoO

0 (HS) 6.5 6 2.5 0.7 7 4

140 (LS) 6.5 6 42 1.2 7 9
NiO

0 3.5 8.2 2.4 0.3 9 5

140 4.5 9.2 0.65 9 7.5

Source the evolution of the spectral line shape was mea-
sured simultaneously with the x-ray diffraction pattern
(Badro et al, 2002). Hematite was compressed to
46 GPa without noticeable change of spin or structure
[state 1 in Fig. 23(b)]. At that point, the sample was laser
heated using an offline Nd:YAG laser and immediately
quenched in temperature, leaving it in a metastable state
(state 2) characterized by a LS state and a structure typi-
cal of the high-pressure phase. After relaxation, the
electronic spin state reverts to the initial HS state, while
the structure stays unchanged showing that the LS mag-
netic state is not required to stabilize the high-pressure
structural phase.

25

a
) W MnO 100 GPa £

MnO 80 GPa

15} R
CoO 140 GPa

FeO 140 GPa |
A

10Dq (eV)

X
NiO 140 GPa 1

W (0-2p) (V)

3. Measuring the insulating gap

In correlated materials, low-lying excited states in-
volve charge excitations across the correlation or
charge-transfer gaps, which are relevant to the physics
of metal-insulator transitions. Laser-excited optical re-
flectivity yields such information (Syassen and Sonnen-
schein, 1982) with high-pressure compatibility and excel-
lent resolution. Alternatively, RIXS can be used to
measure these low-energy excitations, as explained in
Sec. I1.B.4. In contrast to the optical response, the x-ray
measurements are carried out at finite q, which means
that potentially this method could be used to study
dispersion. We comment on results obtained in the

25
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FIG. 22. (Color online) Phase diagram of the magnetic collapse in the transition-metal oxides. (a) The point coordinates refer to
calculated values of the crystal-field splitting 10D, and ligand bandwidth W(O-2p), in both the HS (open symbols) and LS (closed
symbols) states, as obtained from comparison with the experimental spectra. (b) Solid lines mark the calculated HS-LS transition
boundary for CoO for different values of Veg. From Mattila et al., 2007.
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FIG. 23. (Color online) Competition between structure and magnetism in hematite. (a) Fe KB emission in Fe,Oj3 as a function of
pressure. (b) Diffraction patterns through the metastable phase transition and corresponding XES spectra. From Badro et al., 2002.

transition-metal monoxides under pressure similar to
the studies of Sec. IV.D.1, but here using RIXS.

a. NiO

The first example of such measurements concerns
NiO, which, however, shows no magnetic collapse. Nev-
ertheless, NiO is a prototype charge-transfer insulator
with a band gap of about 4 eV (Hiifner, 1994). Several
calculations of the electronic structure of NiO exist as
this has proved to be a good testing ground for theories
due to the influence of strong correlations. Pressure-
induced electronic changes may provide complementary
information on the correlated state because it involves
high electron density and modify their motion through
the lattice.

RIXS in NiO was carried out under very high-
pressure conditions (Shukla et al., 2003). In Fig. 24, the
RIXS spectra was obtained by tuning the incident en-
ergy to the prepeak resonance with the following two
benefits: quadrupolar transitions (favored at large scat-
tering angles) are associated to the prepeak and the
lowest-energy excited states relevant to the electronic
properties of NiO are the 3d™*! configurations.

The RIXS spectrum consists of two peaks, centered
around 5.3 and 8.5 eV above the elastic line. Following
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the interpretation of Kao et al. (1996), the first feature is
associated to the charge-transfer excited state d"*!L,
where L denotes a ligand hole; the energy loss to the
edge of this shoulder corresponds to the charge-transfer
gap in NiO. The nature of the second peak at 8.5 eV is
less clear. It can be tentatively ascribed to the metal-
metal transitions leading to d"*'d"~! excited states and
thus to the correlation energy U. As pressure is in-
creased, the RIXS features progressively decreases. The
double structure (shoulder and peak) clearly resolved at
ambient and lower pressures smears at pressures above
50 GPa into a poorly defined line shape. This tendency
primarily reflects the increasing band dispersion at high
pressure. In particular, overlap with the ligand states in-
creases since the lattice parameter changes by about
10% at 100 GPa. Calculations suggest that the shape of
the electronic density of states does not change much
with pressure but the density of states decreases uni-
formly and band width increases (Cohen et al, 1997).
This is compatible with the behavior of the 5.3 eV peak,
which increases in width without appreciable change in
position. It is the increase in width, or the increased dis-
persion, which reduces the value of the charge transfer
gap. The behavior of the 8.5 eV peak would suggest an
initial growth of the d-d Coulomb interaction with pres-
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arrow showing the choice of incident energy and constant-final-state scan (dashed line) at an energy loss of 5 eV. (b) Dependence
of the RIXS spectra as a function of pressure; the dashed line is the nonresonant background. From Shukla et al., 2003.

sure. Though this is unexpected since screening in-
creases with pressure, it seems to be limited to the
lower-pressure regime. Finally the observed trends sug-
gest that a metal-insulator transition would happen
mainly due to the closing of the charge-transfer gap as
predicted by theory in NiO (Feng and Harrison, 2004)
(in addition to band-broadening and crystal-field effects)
and in other charge-transfer insulators at lower pres-
sures (Dufek et al., 1995).

b. CoO

The insulating gap in CoO is intermediate between
Mott-Hubbard and charge-transfer types. RIXS spectra
obtained in CoO under pressure are shown in Fig. 25.
The incident energy was tuned to the pre-edge region in
the absorption spectra (shown in the inset). In the ambi-
ent pressure spectrum, a sharp increase is observed
around 6 eV energy loss, characteristic of the insulating
gap. No other RIXS features show up at higher energy
contrary to NiO. Following the interpretation of the
RIXS spectra in the latter, this could indicate that U and
A are of similar magnitude in CoQO, in agreement with
Shen et al. (1990). The spectral features are smeared out
upon pressure increase, while the gap region is filled.
The tendency points to a metal-insulator transition
which could occur in the megabar range. This is consis-
tent with the magnetic collapse pressure deduced from
XES.

Note that, in these experiments, NiO and CoO pow-
der samples were loaded in the pressure cell without a
transmitting medium. Though the powder to some ex-
tent preserves hydrostaticity, a pressure gradient of
about 10% is expected in the megabar range; an esti-
mate of the pressure gradient in FeO yields 10 GPa
at 135 GPa (Badro et al, 1999). Future, better, setups
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would consist of single-crystal samples loaded with gas-
eous He, which is hydrostatic up to several 100 GPa.

E. Magnetovolumic effects

High-spin to low-spin transitions are often associated
with structural changes. These magnetovolumic effects
of prime importance for the structural stability of solids
are related to the electron occupation of the crystal-field
states. Intuitively one expects the d orbital extension,
and thus the atomic volume, to be smaller in the low-
spin state than in the high-spin state. Theoretically mag-
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FIG. 25. (Color online) RIXS in CoO as a function of pressure
(open circles); lines are three-point average of the data. The
incident energy is tuned to the quadrupolar prepeak in the
absorption spectrum (arrow in inset). (R) indicates pressure
release.
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1990.

netovolumic instabilities have been investigated by the
fixed spin moment method (Moruzzi, 1990). Figure 26
shows the total energy and magnetic moment of Fe cal-
culated in this framework with varying Wigner size ra-
dius ryws. The total energy of the HS configuration forms
a parabolic branch shifted towards higher volumes with
respect to the LS one. This model confirms that the sys-
tem preferentially adopts a high-volume (high-spin)
state at low pressure, and inversely a low-spin (low-
volume) state at high pressure. The transition between
the two is of first order and entails a sudden decrease of
the local magnetic moment at the pressure (volume)
where the two branches cross.

Two of the best known examples of magnetovolumic
effects under pressure are found in Fe-based Invar al-
loys and pure Fe.

1. Fe Invar

The Invar effect is the anomalously low thermal ex-
pansion of certain metallic alloys over a wide range of
temperature. One of the most commonly accepted mod-
els of the Invar anomaly is the so-called 2vy-state model
proposed by Weiss (1963). According to this model, iron
can occupy two different states: a high-volume state and
a slightly less energetically favorable low-volume state.
With increasing temperature, the low-volume state is
thermally populated, thus compensating lattice expan-
sion. This model is supported by fixed-spin moment cal-
culations in Invar, which show that, as a function of tem-
perature, the Fe magnetic state switches from a high-
spin to a low-spin state of high and low atomic volume,
respectively (Moruzzi, 1990). The same effect is also ex-
pected under applied pressure at ambient temperature:
Pressure tends to energetically favor a low-volume state,
eventually leading to a HS to LS transition.
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FIG. 27. Integrated absolute difference calculated from the
XES spectra in the Fe-Ni Invar. The open, half-filled, and solid
circles represent IAD values for the consecutive series of mea-
surements. The right scale is deduced from the pure Fe XES
data. Horizontal lines emphasize the three magnetic states
(high spin, low spin, and nonmagnetic) of the Fe atom. From
Rueff et al., 2001.

To verify this experimentally with IXS, the spin state
of Fe in FegNizs was monitored by XES at the Fe Kf
line up to 20 GPa in a diamond-anvil cell (Rueff et al.,
2001). The pressure dependence in the form of IAD(P)
is shown in Fig. 27. In the low-pressure region below
5 GPa, the curve presents a linear decrease followed by
a plateau in the intermediate-pressure region which ex-
tends up to about 12 GPa. At higher pressures, the in-
tensity drops to zero around 15 GPa and remains un-
changed up to the highest measured pressure point
around 20 GPa. The existence of two plateaus supports
the interpretation of two magnetic transitions taking
place in the 2-5 and 12-15 GPa ranges, respectively.
This demonstrates the existence of three distinct mag-
netic states that are successively reached as pressure is
increased: HS (§=5/2), LS (§=1/2), and finally diamag-
netic (§=0). Further information on the magnetism in
Invar can be obtained comparing the Invar XES spectra
with those previously measured in pure iron under pres-
sure. This confirms that (i) the Fe atom in the Invar alloy
is in a high-spin state at zero pressure as it is in iron; (ii)
at high pressure 20 GPa, the Fe atom in the Invar alloy
is in a nonmagnetic state as it is in € iron; and (iii) there-
fore the plateau in the intermediate pressure region can
be associated with the existence of a low-spin magnetic
state.

This interpretation supports the 2y-state model and is
also in qualitative agreement with XMCD (Odin et al.,
1999) and Mossbauer measurements carried out on both
Fe-Pt Invar and Fe-Ni Invar under pressure. Note that
these two techniques probe the long-range magnetism
contrary to XES which is a local probe on the atomic
scale. The deduced magnetic moment (here in the sense
of magnetization) is thus sensitive to the reported de-
crease of the Curie temperature with pressure in Invar
alloys. In the recently discovered Invar Fe;C for in-
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tion determined by Maossbauer spectroscopy (Taylor et al.,
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tern measured in both phases, shown in the inset, confirm the
structural change. The spin state is indicated. From Rueff,
Krisch, et al., 1999.

stance, a HS-LS transition was found at 10 GPa (Duman
et al., 2005) by XMCD, whereas the magnetic instability
manifests itself in the XES spectra at 25 GPa (Lin et al.,
2004). The difference is related to the occurrence of a
paramagnetic phase (at room temperature) above
10 GPa.

2. Fe

The interplay between the structural properties and
magnetism is best exemplified in elemental Fe as a
model system for d electronic properties. Under pres-
sure, Fe is known to undergo a phase transition from the
ferromagnetic « phase (bcc) to the nonmagnetic € phase
(hcp) around 13 GPa at room temperature while, at high
temperature, Fe is stabilized in the paramagnetic 7y
phase (fcc).

Experimentally, the a-€ transition is well documented
by Mossbauer spectroscopy (Taylor et al., 1991). Lately,
the Fe spin state was studied by XES (Rueff, Krisch, et
al., 1999). The IAD analysis applied to Fe (see Fig. 28)
shows a decreased spin state around 10 GPa before it
reaches a full low-spin state at 15 GPa in good agree-
ment with the Mossbauer data. A magnetic transition of
comparable amplitude was reported recently in the vy
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phase within the paramagnetic domain at 1400 K (Rueff
et al., 2008). A puzzling aspect is the width of the a-€
magnetic transition, which has been observed by several
other techniques as well, including Mossbauer. In addi-
tion to the pressure gradient which could account for a
fraction of the width, we suggest that the HS and LS
magnetic states are mixed at finite temperature close to
the magnetic collapse pressure as evoked in Sec. IV.C.3,
which in turn broadens the phase transition.

Whether the magnetic collapse precedes the structural
change or not is still a matter of debate. Recent XMCD
experiments in pure Fe combined with EXAFS seem to
suggest that magnetic collapse precedes structural
changes (Mathon ef al., 2004), though recent calculations
allowing for noncollinear magnetic structure show
clearly that Fe would remain antiferromagnetic in the
hep structure up to 50 GPa (Mukherjee and Cohen,
2001; Cohen et al., 2002; Cohen and Mukherjee, 2004;
Steinle-Neumann, Cohen, and Stixrude, 2004; Steinle-
Neumann, Stixrude, and Cohen, 2004). In addition,
XMCD can only detect ferromagnetic states and is not
suited to such a study. The pressure dependence of the
magnetic state of Fe was reassessed in a recent work by
XES both in Fe at room temperature through the a-€
transition and in the y-fcc phase at high temperature
(Rueff et al., 2008). The results are in good agreement
with noncollinear magnetic structures in both e- and
v-Fe. Finally, an investigation of the spin state in hema-
tite (Fe,O3) are indicative of structural changes that pre-
cedes the electronic transition (Badro et al., 2002).

F. Geophysical implications

Not surprisingly, the magnetic properties of Fe under
extreme conditions have been of large interest to the
geophysics community since it is the most abundant el-
ement of the Earth’s interior. A widely accepted picture
is that the solid inner core is made of pure Fe, whereas
the liquid outer core is composed of Fe mixed with light
elements such as S or O. In the mantle, Fe is present as
an impurity in rocks, mostly silicates. These different
forms of Fe have been investigated by XES.

1. FeS

FeS is an antiferromagnetic insulator (7y=598 K)
and crystallized in the NiAs-related (troilite) structure.
FeS falls at the boundary between charge-transfer and
Mott-Hubbard insulators in the ZSA phase diagram
(A< U with U relatively small) (Bocquet et al., 1992).
Under pressure and at ambient temperature, FeS under-
goes two structural phase transitions, from the NiAs-
related to a MnP-related structure at 3.5 GPa, and then
to a monoclinic phase at 6.5 GPa. The last transition
is further accompanied by an abrupt shortening of
the ¢ parameter from 5.70 to 5.54 A. Pressure-induced
structural phase transitions in FeS have been exten-
sively studied because the material is considered to be
a major component of the cores of terrestrial planets
(Taylor and Mao, 1970; Fei et al., 1995; Sherman, 1995).
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Figure 29 shows the changes in XES spectra measured
as pressure increases from 0 to 11.5 GPa (Rueff, Kao, et
al., 1999). The well-defined satellite at low pressure is
indicative of the local magnetic state of the Fe?* ion
(despite the antiferromagnetic long-range order). The
satellite intensity disappears for pressures ranging be-
tween 6.3 and 11.5 GPa. The width of the main line also
shows significant narrowing in this pressure range, as ex-
pected in the low-spin state.

2. Fe solid solutions

In solid solutions, the transition-metal ions form an
assembly of isolated magnetic impurities bearing a local
moment. At low pressure, electron correlations are im-
portant because of the narrow d band. Under pressure,
electron itinerancy sets in while the d band broadens
and solid solutions then provide an interesting counter-
part to compounds or alloys. As it turns out, Fe solid

solutions are often found in minerals relevant for geo-
physics. This is the case of Fe perovskite and magnesio-
wiistite which are discussed below. Being able to de-
scribe the electronic properties of these materials under
high pressure (and temperature) is crucial for the de-
scription of their properties (elasticity, thermodynamics,
transport) under realistic conditions for planetary stud-
ies.

a. (Mg,Fe)O

Magnesiowiistite is considered as the dominant phase
of the Earth’s lower mantle. At ambient conditions of
pressure and temperature, (Mg,Fe)O is a paramagnetic
insulator of moderate charge transfer character with
Fe* in the high-spin state. AF correlation builds up
when temperature is decreased with a Néel temperature
Ty of about 25 K (with 20% of iron). Badro et al. (2003)
measured the spin state of iron in (Mggg3,Fe7)O by
XES. The change with pressure (see Fig. 30) indicates a
broad transition from HS to LS. The transition starts
around 20 GPa and full conversion to LS state is com-
pleted in the 60—70 GPa region. The magnetic transition
was confirmed recently by Mossbauer spectroscopy
(Speziale et al., 2005; Lin et al., 2006).

Tsuchiya et al. (2006) used an LDA+ U approach to
investigate the electronic properties and magnetic tran-
sition in magnesiowiistite under pressure. Both U and
the d bandwidth W are found to increase with pressure
but the latter at a faster rate so that U/W eventually
decreases, an indication of less correlation in the high-
pressure phase. Because the LS and HS states have com-
parable energies, the average spin state at finite tem-
perature is a Boltzmann average of the two spins as
shown in Fig. 30(b). The experimental temperature de-
pendence of the spin state in (Mg,Fe)O under pressure
was recently investigated by XES (Lin et al., 2007) up to
95 GPa and 2000 K. At high temperature, the spin tran-
sition broadens and becomes more gradual as expected
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FIG. 30. (Color online) Magnetic collapse and temperature effects. (a) Fe x-ray emission spectra measured in magnesiowiistite
solid solution (Mg g3,Feq17)O. From Badro et al., 2003. (b) Computed LS fraction n in the (P, T) space. The arrows correspond to
the transition pressure range as obtained from XES measurements, the full line is a lower mantle geotherm. From Tsuchiya et al.,

2006.
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due to Boltzmann averaging. Other factors could con-
tribute to broadening of the transition (such as pressure
gradient) as seen at room temperature.

The magnetic collapse also affects the compressional
behavior of the Fe mineral: The high-pressure LS state
exhibits a much higher bulk modulus and bulk sound
velocity than the HS phase at low pressure (Lin, Struzh-
kin, Jacobsen, Hu, et al., 2005; Lin et al., 2007), which
can be traced back to the lower atomic volume of the LS
state.

b. (Mg, Fe)SiO;

Iron perovskite is another important component of
the Earth’s lower mantle. In the perovskite, iron is
present as ferrous (Fe*) or ferric (Fe3*) species. It is
admitted that the ferrous iron occupies the large
dodecahedral A site, whereas the smaller octahedral B
site is the host of ferric iron together with lesser
amounts of the ferrous species.

Badro et al. (2004) reported two successive magnetic
transitions around 70 and 120 GPa under high-pressure
conditions by XES at the Fe K3 line [see Fig. 31(a)]. The
transitions are characterized by a sudden decrease of
Kp' peak intensity and a shift of the K, ; feature to
lower energy. In the measured sample, perovskite is sup-
posed to contain 75% of Fe?* and 25% Fe3*, with 75%
of the Fe?* in the A site and 25% in the B site and all
Fe* in the B site. This leads to 56% ferrous dodecahe-
dral, 25% ferric octahedral, and 19% ferrous octahedral
sites; i.e., 56% of total iron in the A site and 44% in the
B site. To understand the nature of the two transitions,
the XES spectra in (Mg,Fe)SiO5 are compared in Fig.
31(b) to spectra obtained in Fe model compounds con-
taining Fe>* or Fe** iron in pure HS and LS spin states.
Composite spectra were built from the model com-
pounds, starting from the known abundance of Fe?* and
Fe3* ions. Best agreement is obtained by combining
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model spectra of both ferrous and ferric iron in the HS
states in the low-pressure region, while the high-
pressure regime is well described by having both ions in
the low-spin states. In the intermediate regime, a mixed
state is seemingly realized with relative amounts of the
HS and LS iron species of ~55% and 45%, respectively.
This could indicate that the transition is site specific; the
first and second transitions could correspond to electron
pairing in the A then B site, respectively.

This interpretation, however, contrasts with the
more recent XES results of Lin et al (2008) in
(Mgg6,Fe(.4)SiO5 at pressure-temperature conditions of
the lowermost mantle. Mossbauer analysis shows no evi-
dence of Fe** ions in this sample, while XES strongly
supports a S=1 intermediate state in both perovskite
(300 K) and post-perovskite (2500 K) structure.

To conclude, we note that the modifications of the
electronic properties in both Fe magnesiowiistite and Fe
perovskite which accompanies the magnetic collapse are
expected to affect the heat transport in the Earth’s inte-
rior (Badro et al., 2004; Tsuchiya et al., 2006; Lin et al.,
2008).

G. Coupling to thermal excitation

As discussed, the proximity of the first-excited spin
state above the ground state may provoke a mixing of
different spin states upon thermal excitation. In Fe com-
pounds, this usually happens at elevated temperatures,
but in the cobaltates, three possible spin states of Co**
have been identified with competing occupancies at
room temperature: low-spin (§=0), high-spin (S=2), and
an extra intermediate-spin (IS) state (S=1). Although
the existence of the IS is still debated, temperature ef-
fects should be markedly enlarged in cobaltates. Pres-
sure may further lead to ground-state inversion, yielding
peculiar behavior of the local Co magnetic moment.
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1. Co compounds
a. LaCoO;

The rhombohedral perovskite LaCoQOj; is an unusual
case of a nonmagnetic semiconducting ground state. Be-
cause of the large crystal-field splitting, Co is trivalent
(eg configuration) at 0 K with a low-spin state (S=0). As
a function of temperature, two broad transitions have
been observed in the magnetization measurements at
around 90 and 500 K. The first transition is convention-
ally interpreted by the occurrence of a t‘z‘geg (§=2) high-
spin state while the metallization which goes with the
second transition at high temperature remains of unclear
origin. Recent interpretations based on LDA+ U calcu-
lations have proposed the formation of an intermediate-
spin state (IS) (S=1) above 90 K, characterized by a
doubly degenerate tggeé configuration (Korotin et al.,
1996). In this model, the nonmetallic state in the low-
temperature range is attributed to the intermediate spin:
The degeneracy of the IS state is lifted by the Jahn-
Teller effect, which supposedly leads to orbital ordering
on the Co sites and the opening of the semiconducting
gap. The high-temperature insulator-metal transition is
then accounted for by the “melting” of the orbital-
ordered state. Hints of a LS to IS transition have been
identified in the T dependence of the magnetic suscep-
tibility (Zobel et al., 2002).

Pressure can also cause spin-state transitions in
LaCoOs;, as the crystal-field splitting sharply increases
when bond lengths shrink. Since the transitions of
LaCoO; are associated to anomalous volume expan-
sions, relatively low pressure can have considerable ef-
fect on the spin state. Asai et al. (1998) showed that the
energy gap between the LS and the higher spin state
increases with pressure. Recently Vogt et al. (2003) using
x-ray powder diffraction interpreted the pressure-
induced changes as a continuous transition from IS to
LS state. Chemical pressure, introduced by a partial sub-
stitution of La®* with the smaller Eu’*, leads to a similar
stabilization of the LS state.

The pressure (and temperature) dependence of the
Co spin state was investigated by XES at the Co K
line (Vanké, Rueff, et al., 2006). Figure 32(a) shows the
evolution of the emission spectra as a function of pres-
sure. A gradual variation of the Kp line shape is ob-
served up to 70 kbar. For extracting the spin moment
the IAD values [cf. Eq. (29)] were scaled to spin mo-
ment by comparison with model Co compounds with
a well-characterized spin state: =2 in CoF5; S=1.5 in
LaCoO,s; S=1 in Co**-molecular compounds; S=0 in
LiCoO, [right scale, Fig. 32(b)]. The pressure depen-
dence can be analyzed in terms of excited spin states: At
ambient temperature and low pressure, both §=0 and 1
states are populated, leading to an average of S~0.5.
Upon pressure increase, the S=0 state is increasingly
favored with respect to the S=1 state. The full LS state
is reached around 100 kbar. In contrast, the spin state
increases with temperature. Starting from the LS state at
low T, S ramps up progressively to S=1 at 800 K. In this
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FIG. 32. Pressure vs temperature effects in Co. (a) Evolution
of the KB emission line in LaCoOj5 as a function of pressure.
(b) Pressure (7=300 K) and temperature (at ambient pressure)
dependence of IAD values derived from XES (left scale) and
estimated Co spin state (right scale). From Vanko, Rueff, et al.,
2006.

T region, the spin variation is well described by Boltz-
mann statistics (Vanké, Rueff, et al, 2006) involving
both LS and IS states but not the HS state. Above
800 K, the sample is no longer stoichiometric. Oxygen
vacancies form and S jumps to 3/2, a value characteristic
of LaCoO,3.

The XES analysis therefore points to a S=1 ground
state. Note, however, that XES cannot distinguish be-
tween a true IS state and a superposition of HS and LS
states. Recently Haverkort et al. (2006) ruled out the
existence of the IS in LaCoOj5; based on experimental
data at the Co L, ; edges and multiplet calculations.

b. La;_,Sr,Co0;

When substituting La** by Sr’* ions, hole-type carriers
are introduced in LaCoQOj3. The hole-doped compounds
are particularly useful to study the interplay between the
spin degrees of freedom and electronic and magnetic
properties close to a metal-insulator transition. Depend-
ing on the doping level, La,;_,Sr,.CoO; changes from a
spin glass x>0.05 to a ferromagnetic metal at x=0.18.
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(x=0.18) as a function of pressure at 7=34 K. (b) Pressure dependence at 34 and 300 K of the spin state (IAD values) derived from
XES. From Lengsdorf et al., 2007. Dashed lines are guides to the eye.

At ambient pressures, the x=0.18 compound is reason-
ably conducting and metallic in the FM regime. The
behavior differs drastically under pressure (Lengsdorf
et al., 2004): above 2 GPa the compound departs from
metallicity and turns into an insulator over the whole
temperature range. More remarkably, the resistivity in-
creases continuously under pressure until it saturates
around 5.7 GPa. This contrasts, for example, with
La;_ Sr,MnO3;, which is metallic under pressure, a be-
havior more in line with the expected band widening in
the compressed unit cell.

Compared to the manganites, the metal ion in
La;_,Sr,CoOj3 has an additional degree of freedom re-
lated to the spin state. The spin state was investigated
by KB x-ray emission spectroscopy under pressure and
temperature (Lengsdorf et al., 2007); see Fig. 33(a).
Figure 33(b) shows the variation of the spin state (in
arbitrary units) with pressure at 300 and 34 K. As in
LaCoOs;, S diminishes with pressure tending to a LS
configuration. At 300 K, the final spin value is higher
than at low temperature probably due to thermally ex-
cited spin states. The conversion of the Co*" ions into LS
species under high pressure reflects on the electron
transport properties through the lattice. As shown in
Fig. 34, the e,-type electron hopping which takes place
between the Co** and Co** sites is strongly suppressed
when the trivalent ion converts into a LS state and only
the weak t,, hopping remains. This blocking mechanism
turns out to be efficient enough to provoke a metal-
insulator transition at high pressure despite the bond
length shortening (and increase of the Co-O-Co bond
angle), which acts an opposite way by favoring double
exchange.

V. HYBRIDIZED f STATES

As opposed to the d levels, the 4f electrons in solids
are considered localized and as such unaffected by the
proximity of the conduction band. The almost constant
molar volume dependence reported in Fig. 12 as a func-
tion of band filling, with the exception of the divalent Eu
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and Yb, shows that the 4f electrons do not contribute
significantly to the cohesive energy. Under pressure,
however, the conduction bandwidth and Fermi energy
will change, eventually modifying the f-electronic behav-
ior and with a lowering of symmetry for the crystal
structure (see Fig. 35); in rare earths and actinides, the
structural changes are often correlated to a sudden con-
traction of the lattice leading to volume collapse transi-
tions (VCTs) (McMahan et al., 1998); the magnetic sus-
ceptibility evolves from Curie-Weiss behavior to a Pauli-
like paramagnetism, yielding a loss of magnetism such as
in Ce; pressure may induce metallization of the f elec-
trons like the black to golden phase transition in SmS.
Even so, because the Hund coupling energy is much
larger than the f bandwidth, the f electrons are expected
to retain their localized character to a large extent, hy-
bridization being considered as a second-order perturba-
tion. The structure changes shown in Fig. 35 are indeed
mostly determined by the pressure dependence of the 5d
band with little influence from the f states, with the no-
table exception of Ce and Gd. In a similar fashion, while
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FIG. 34. Electron hopping mechanism in the Co**/Co*" lattice
in La;_,Sr,CoOj3. From Lengsdorf et al., 2004.
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the VCT in mixed valence rare earths is mostly caused
by the pressure-induced change of occupation of the f
and d bands, the general consensus is that only a minute
fraction of the f electrons delocalizes to hybridize with
the conduction band, the other part being considered
still well localized. This situation is at odds with
d-electron behavior where the bandwidth is one or two
orders of magnitude larger than in hybridized f elec-
trons.

In the 1970s, Johansson and Rosengren (1976) mod-
eled the electronic changes of rare earths under pressure
in the more general context of the intermediate valency.
The physical picture is that the 4f energy (sf) comes
closer to the Fermi energy (Ef) as P increases until &¢
=~ Er. At this stage, the 4f level progressively empties
into the conduction band. At still higher pressure, the
empty 4f band (now located above the Fermi level)
marks the transition to a new valent state. Considering a
linear variation AE(P) of the energy distance between &;
and Ep,

dAE(P)

lim =Vui1— Voo (31)

p—o dP
with V, the atomic volume of the |4f") configuration,
Johansson was able to predict the valence transition
pressures in rare-earth ions. Thus, the stability of one
valency over the other is seen to result from the balance
between the gain in cohesive energy and the energy
price to promote an f electron into the conduction band.
However, the latter process is poorly taken into account
in the model. The description of a hybridized f state is in
fact a formidable task, which lies at the core of modern
treatment of f electrons, involving the formation of a
Kondo singlet state or the heavy-fermion (HF) behavior,
two most challenging aspects of the f mixed valent state
[see Flouquet (2005) for a review]. Both Kondo and HF
phenomena deal with low-temperature physics on an en-
ergy scale far different from that envisaged in this re-
view. Nevertheless, since the competition between the
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localization and delocalization can be tuned effectively
by applying pressure, we can also access to and from
transitions between Kondo screening and Fermi liquid
behavior.

A. Interaction with the conduction states

1. Mixed valency

It is convenient to treat the hybridized f state as a
mixed (or fluctuating) valent state, the f electron acquir-
ing partial conduction electron character. Hybridization
or mixed valency may be defined formally in terms of
the configuration interaction. Then, the ground state is
written as a linear combination of degenerate states |g)
=c " o™ Y+ ¢, [f'v™)+ -+, where v Tepresents the va-
lence electrons and |c|? the weight of the f configuration
(Gunnarsson and Schonhammer, 1983). Large fluctua-
tions are excluded due to the strong Coulomb repulsion,
but the f valency may vary around the ground-state
value on a characteristic time scale determined by the f
bandwidth (Varma, 1976; Lawrence et al., 1981). In the
case of the f systems with a narrow bandwidth, fluctua-
tions are slower than typical core-hole lifetimes in x-ray
spectroscopy. Hence, mixing of configuration can be in
principle resolved by such techniques since the ground
degeneracy is lifted in presence of a core hole. Indeed,
f-electron states can be clearly identified in spectro-
scopic data such as obtained by x-ray photoemission
(XPS) or x-ray absorption (XAS) (Fuggle, Hillebrecht,
Esteva, et al., 1983; Fuggle, Hillebrecht, Zolnierek, et al.,
1983). These are the two probes that have contributed
most to unraveling the electronic properties of f-electron
materials in the past. Resonant IXS turns out to be a
powerful alternative. Here the ground-state degeneracy
is lifted in both intermediate and final states which al-
lows a detailed investigation of the mixed valent state as
initially shown in the soft x rays (Kotani, 2000). Section
V.B and following discussion are mainly devoted to ex-
ploring this aspect but applied to hard x rays and high-
pressure conditions.

2. Anderson impurity model

A good starting point for describing the hybridization
of a single f level with band states is the Anderson
impurity model (AIM). The AIM Hamiltonian applies
to the case of a single magnetic impurity of energy &,
weakly interacting with conduction electrons, described
by the dispersion &(k). The AIM is related to the Hub-
bard Hamiltonian in Eq. (25) in that it also accounts for
correlations between the f electrons with an on-site Cou-
lomb parameter U,

Hoami = 2 £(k)ChClm + 612 Fisfon + 2 VK (FChom
m km

km

A U
+ Coplm) + B} > n]:nnfn, + H,. (32)

m#m’
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from Liu et al. (1992) are compared to DFMT calculations.
From McMabhan et al., 2003.

H, represents the conduction electrons term which do

not couple to the impurity; f',; creates an f electron with
a magnetic quantum number m from a previously empty

site while fm annihilates it. The hybridization strength V'
when finite drives the ground state towards a singlet
Kondo state (S=0). U is often considered in the limit
U — =, which implies that the double occupancy configu-
ration is not allowed.

The AIM grasps the most important concepts of hy-
bridized f electrons such as the stabilization of singlet
ground state and especially the building up of the
Abrikosov-Suhl resonance near the Fermi energy, which
governs the low-energy excitations and is seen as a fun-
damental signature of the Kondo excited states. A re-
markable experimental results was the observation of
this feature in Ce by XPS (Fig. 36). A more accurate
treatment would include f-electron correlation and their
hybridization with an electron bath using a self-
consistent band structure approach (Held et al., 2001).
The influence of pressure can be clearly seen when one
expresses the energy gain Ae due to the formation of the
singlet state (Fulde, 1995),

Ag = — De leANOV?, (33)

D is the half bandwidth of the conduction band, vyis the
f-orbital degeneracy, and N(0) is the conduction electron
density of states (per spin). This energy is usually asso-
ciated with a characteristic temperature 7. The hybrid-
ization strength V' is known to be strongly pressure de-
pendent because the band overlap is reinforced when
the unit cell is reduced. As in the y-« transition in Ce,
the Kondo state is favored at high pressure. Similarly,
Tk is expected to increase with pressure as hybridization
becomes stronger. This is indeed the case in Ce but not
in Yb, which shows the opposite behavior. We return to
this issue in Sec. V.C.
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Another important parameter which is derived from
the generalized AIM Hamiltonian is the f occupancy (1)
and the double occupancy. In the case of strong coupling
V, ie., at high T, n; significantly deviates from unity,
while the double occupancy is expected to increase (Mc-
Mahan et al., 2003). In the Kondo regime, a proportion
1—-ny of the f electrons are delocalized. Having experi-
mental access to the f occupancy and following its evo-
lution when pressure is applied is therefore crucial for a
proper description of the f hybridized state. This is the
main object of the next sections.

3. Actinides

Due to the hierarchy between crystal-field and spin-
orbit interactions, the 5f states in actinides are consid-
ered as intermediate between 4f and 3d electrons in
terms of electron localization (Johansson, 1975; Lander
et al.,, 1991). Thus, in the early actinides (Th-Np), the
decrease of the atomic volume (see Fig. 12) is well de-
scribed by normal band-structure calculations pointing
to an itinerant behavior of the f electrons. From Am
onwards, the 5f states start showing localized character-
istics at ambient conditions, while Pu seems to lie at the
borderline of localization and delocalizaton: the f states
show an itinerant character in the numerous phases of
Pu, while in &-Pu they are close to localization.

In the U compounds, which will be discussed in Sec.
V.E.1, the 5f-electron bandwidth is of the same order of
magnitude as the spin-orbit energy and the on-site Cou-
lomb interaction, and these parameters must be taken
into account on the same footing. The 5f electronic be-
havior in U is then expected to be highly sensitive to
modification of these interactions when pressure in-
creases, and simplistic treatment of the f electron as
band states is no longer valid. Similarly, in Am under
pressure the 5f electrons were shown to delocalize in a
Mott sense, and a proper treatment must be included
(Griveau et al., 2005).

B. 2p3d-RXES

As discussed out in Sec. V.A.1, hybridization can be
introduced by a superposition in the ground state of de-
generated |f") configurations. The degeneracy is lifted in
the XPS or XAS final state, as the core hole is screened
differently by the various f states. Well-separated fea-
tures, each assigned to a different f valency, then indi-
cate that there is more than just a single component.
This allows an estimation of the various f-electron
weights, and therefore helps to characterize the degree
of hybridization of the f electron. Resonant inelastic
x-ray scattering with a degeneracy lifting final-state core
hole turns out to be a powerful complementary probe of
these systems (see Table IV). Of particular interest is the
2p3d-RXES process as shown in Fig. 37 in the case of a
mixed valent [4f™)+|4f"*1) ion. It consists of measuring
the La,, emission (3d—2p) in resonant conditions at
the L, 5 edges (2p — 5d). As in first-order spectroscopies,
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TABLE IV. Summary of main properties of the studied tran-
sition rare-earth and actinide samples under pressure. v is the
mean valence of the fion determined from RXES.

Sample P (GPa) Structure Properties v
Ce 0 fcc (PM)M 3.03
20 fcc (NM)M 3.2%
Gd 0 hep (PM)M 7
110 hep (NM)M 7+68°
SmS 0 NaCl (NM)SC 2
20 NaCl (AF)M 3¢
TmTe 0 NaCl (AF)SC 2
4 NaCl (FM)M 2.5
10 Tetragonal (APF)I 2.84
Yb 0 fce (NM)M 2
20 bee (PM)M 2.55
60 hep (PM)M 2.7°
YbAL, 0 MgCu, (NM)M 2.3
40 MgCu, (NM)M 2.9f
YbS 0 NaCl (NM)SC 2.35
40 NaCl (NM)M 2.6
UPd,Al 0 P6lmmm (AFM 4-5
40 Cmmm (NM)M 4
UPd, 0 dhcp (AF)M 4
40 dhep (—M 4h

“Dallera et al. (2006).
Dallera er al. (2003).
£Annese et al. (2004).
"Rueff e al. (2007).

*Rueff et al. (2006).
"Maddox et al. (2006).
“Annese et al. (2006).
Tarrige et al. (2008).

the different f states, supposedly mixed in the ground
state, are split in the RXES final states. But by tuning
the incident energy to particular intermediate states
(here in presence of 2p core hole), one of the multiple f
states can be specifically enhanced through the reso-
nance. The gain in resolution and intensity of selective

2p54fm+l vr/
2p54fmvn+l

3d94fm+l vn
—— 3d’4f"v""!

c0|4f'"v"+l>+c, |4fm+] v">
(@)

spectral features is notable and markedly helps the com-
parison with theoretical calculations. In particular, the
average valent state () can be simply derived by com-
puting the ratio of different f components in the
2p3d-RXES spectra,

v=n+In+1)/[I(n+1)+1(n)], (34)

where I(n) [I(n+1)] represents the integrated intensity
of the f* [f**!] spectral features. These intensities can be
estimated either from the PFY spectra or the resonant
emission spectra combined with standard fitting rou-
tines. Dallera et al. (2002) first proposed the 2p3d-RXES
technique to study YbAgCu, and YbInCuy compounds.
A similar procedure was later applied to other mixed
valent systems under pressure. Details about the data
analysis can be found in the cited works.

C. Kondo behavior

1. Double occupancy in Ce

The -« transition in Ce is archetypical of Kondo phe-
nomenon encountered in f-electron systems, and one of
the best known examples of volume collapse transition.
In Ce, the VCT is accompanied by ~15% volume con-
traction and ends in a tricritical point as shown in Fig.
38. It is instructive to recall the various theories put for-
ward to explain the y-« transition in Ce. The promo-
tional model (Cogblin and Blandin, 1968) first consid-
ered an integer valence change with the transition of one
4f electron into the conduction band. This model was
soon ruled out by melting-point and cohesive energy ar-
guments by Johansson (1974), predicting that the 4f elec-
trons undergo a Mott transition from localized in the 7y
phase to weakly itinerant in the « phase (f-band model).
In the following years, the Kondo lattice model (Allen
and Martin, 1982; Lavagna et al., 1982) [Kondo volume
collapse (KVC)] has envisaged the disappearance of Ce
magnetism in the « phase by an extremely high Kondo
coupling. The KVC model differs from Johansson’s sce-

hv, hv, hv.,

FIG. 37. Overview of RIXS in mixed-valent systems. (a) 2p3d-RXES process in a model mixed-valent rare-earth represented by
the superposition of two valent states; v stands for the valence electrons. Gray arrows indicate less probable transitions. (b) The
2p3d-RXES in a mixed-valent ions in the incident energy (fv;y) vs transfer energy (fvy) plane; F indicates the fluorescence

contribution. From Dallera et al., 2003.
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Abrikosov-Sulh resonance which builds up at the y-a
transition (Fig. 36). RXES is not sensitive to these low-
energy excitations but can provide complementary infor-
mation with the advantage of bulk sensitivity and the
added parameter of pressure. We discuss in the follow-
ing applications of 2p3d-RXES to Ce solid solutions
(chemical pressure) (Dallera et al., 2004; Rueff et al.,
2004) and elemental Ce under pressure across the tran-
sition. We next consider the case of Yb, a hole-type
Kondo system which shows similarities with Ce, before
discussing the possibility of multichannel Kondo screen-
ing in TmTe.

a. Ce(Sc,Th)

The y-« transition is normally triggered by applying
external pressure, but it may also be tracked as a func-
tion of temperature using chemical pressure (see Fig.
38). In this case, the formation of the parasitic 8 phase
is normally avoided and sample handling is simplified
although alloying effects with the doping element can-
not be excluded. To this end, 2p3d-RXES was applied
to Ce solid solutions (Cej93Scog7, CepooThgqg, and
CeggoThgog). Though no external pressure was applied
here, the results of RXES in the solid solutions are use-
ful as they highlight the main spectroscopic changes at
the y-« transition in Ce. The Ce L; XAS spectrum mea-
sured in the total fluorescence-yield mode in one of the
compounds (CeggyThy9) is shown in the inset to Fig.
39(a). The intense white line at 5728.8 eV and the very
weak feature at =5736 eV are, respectively, ascribed to
the mainly 2p4f" and 2p4f° components. The 2p4f* con-
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FIG. 39. RIXS view of the T-induced valence transition in doped Ce. (a) Ce-2p3d RXES spectra for CeyggThg o at 60 K as a
function of the transfer energy; inset shows the XAS spectra at 60 K and 300 K. (b) Variation of the spectrum measured at the f*

resonance while changing the temperature through the transition. From Rueff et al., 2004.
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figuration which is expected below the white line is not
visible in the Ce L; XAS spectra but was observed by
PFY-XAS (Dallera et al., 2004) in Sc-doped Ce. The
changes across the y-a transition are barely visible in the
XAS spectra but come out clearly in the 2p3d-RXES
measurements.

The La;-RXES spectra for CejgyThg o measured at
60 K are shown in Fig. 39(a) on a transfer energy scale.
In the Raman regime (E;—E;<E¢4,), the spectra con-
sist of a well-resolved double structure peaking at 876.1
and 881.9 eV transfer energies—each component corre-
sponding to an identifiable final state—while a single
feature dominates in the fluorescence regime (E;-E,
> Ecqge)- The 881.9 eV peak resonates in the white-line
region and is assigned to the 3d4f'5d"*! final state. The
peak at 876.1 eV has its maximum intensity for excita-
tions well below the white line and corresponds to the
well-screened 3d4f>5d" final state. The extra stability
compared to the f> configuration results from the strong
intrashell Coulomb interaction Uy

The resonant enhancement due to the RIXS process
allows one to derive the variation of the f'/f ratio with
temperature as it is cycled through the transition. Figure
39(b) shows the temperature dependence of the normal-
ized RIXS spectra in Ceg9yTh ;o measured at fixed inci-
dent energy. The f?> shoulder shows a marked relative
increase in intensity when the temperature is lowered
below the transition. McMahan et al. (2003) predicted
that the weight of doubly-occupied states increases at
the expense of single occupancy when the system goes
from vy to a: At the y-a transition, the Ce-Ce inter-
atomic distance dramatically shrinks, which strengthens
the f itinerant character through hybridization. The
RIXS data confirm this tendency. However, electron in-
teractions with the doping element (Sc or Th) can per-
turb the Ce-4f electronic properties. Such a perturbation
of the f states has been observed, for instance, in the
Sc-doped Kondo system YbAI, by XPS (Vesoco et al.,
1991).

b. Ce

Thanks to the combination of perforated diamonds
and the bulk sensitivity of RIXS, it has been possible to
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investigate directly the y-« transition in elemental Ce
under pressure (Rueff et al., 2006). Without the alloying
effects inherent to chemical substitution, the Anderson
impurity model can be correctly applied. From there,
one can derive the ground-state f counts in both y and «
phases and more particularly the variation of n; and
double occupancy across the transition. Figure 40(a)
shows the experimental L3 XAS spectra as a function of
pressure. The white line exhibits a marked decrease in
intensity as Ce is driven through the y-a transition,
while the feature denoted 4f° progressively builds up at
higher energy, the difference with the doped compounds
being attributed to the sample purity. The overall spec-
tral shape and the spectral changes at the transition are
consistent with results by Lengeler et al. (1983). The 4f>
component is masked by the 2p;, core-hole lifetime.
Figure 41(a) shows the evolution of the 2p3d-RXES
spectra measured on resonance (at Ey=5718.3 eV) as
pressure is increased. The spectrum at 1.5 kbar barely
shows a difference with the ambient pressure data. How-
ever, a striking increase (=40%) in the 4f2/4f! intensity
ratio is observed as the systems passes the y-« transition
pressure.

The data were analyzed by carrying out full multiplet
calculations within the Anderson impurity model and a
12, f1, and f* configuration mixing. Details of the calcula-
tions in Ce can be found in Rueff et al. (2006). The
model calculations and Hamiltonian have been de-
scribed previously (Ogasawara et al., 2000; Kotani and
Shin, 2001). The XAS spectra [Fig. 40(b)] are well repro-
duced throughout the transition. The overall agreement
for RIXS is equally good [Fig. 41(a)], except on the high-
energy-transfer side. The discrepancy likely results from
a fluorescencelike contribution to the spectra, which is
not taken into account in the calculations. The main ef-
fect, according to the calculation, is the sharp decrease
in the 4f' component with respect to the 4f’-related fea-
ture, which gains intensity as Ce becomes more a-like.
Such a trend is consistent with the spectral changes in
the XAS spectra. Formally, the transfer of spectral
weight from the 4f'(5d') configuration toward a more
4f%(5d?) configuration in the « phase can be understood
as a partial delocalization of the 4f electrons. Interest-
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ingly, the highly hybridized 4/ state also shows a sizable
(~40%) increase with pressure. The expanding contri-
bution of the doubly-occupied state at high pressure
stresses the reinforcement of the interaction between
the 4f and the conduction electrons in the a phase, a
characteristic feature of Kondo-like behavior. This
growth of the double occupancy at low volume has an-
other important consequence: it points to less correla-
tion in the a phase as electron hopping is favored.
Therefore, the picture that arises from the RIXS analy-
sis at the y-« transition is that of the coexistence of com-
peting effects: partial delocalization of the 4f electrons
through band formation with the conduction states, on
the one hand, and reduced electron-electron correla-
tions, on the other hand, that allows the system to ac-
commodate stronger on-site repulsion.

The change in n; can be obtained from the calculated
weights of the 4f components [see Fig. 41(b)]. The re-
sults are consistent with earlier estimations obtained by
photoemission (Wuilloud et al., 1983; Liu et al., 1992) for
the y phase, but not for the a phase where the RXES
values differ substantially; the n, value is found to be
10-15 % lower. These new values of the f occupation can
be compared to recent ab initio calculations using dy-
namical mean-field theory (DMFT) (Georges et al., 1996;
Kotliar et al., 2006). The discontinuous dependence of ny
at the transition is well accounted for by DMFT (Z6lfl et
al., 2001; McMahan et al., 2003) in the low-temperature
limit. On the other hand, the drop in n; at the transition
is largely underestimated (4-10 % in the DMFT calcula-
tions while =20% according to the RIXS results).

nydeviates from unity in Ce as a direct consequence of
nonzero hybridization. As explained, a remarkable
manifestation of this Kondo behavior is the occurrence
of the quasiparticle resonance at Er in the single-particle
spectral function p{w). The sharp decrease of nyin the
phase can be related to the enhancement of the quasi-
particle peak and that of the renormalization of the bare
particle which scales as 1—ny. The former effect is partly
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smeared out at temperatures comparable to the Kondo
temperature Tx (McMahan et al., 2003). Tk is here the
key quantity to characterize the 4f-electron coupling
with the Fermi sea. It can be evaluated thanks to the
Friedel sum rule and given the approximate relationship
(1-np/ng~mkgTg/NA (Gunnarsson and Schonham-
mer, 1983) in the limit of large Ny The derived values of
Tk were 70 K in the y phase and 1700 K in the « phase
assuming A~110 meV. The temperatures show fair
agreement with neutron scattering data (Murani et al.,
1993) obtained in Ce-Sc alloys but differ significantly
from the generally accepted XPS-derived values (Liu et
al., 1992). They are consistently smaller by a factor of
~2 in the a phase. The RIXS results demonstrates that
the full characterization of the hybridized f state neces-
sitates an access to the bulk properties.

2. A hole-type Kondo system: Yb

Like Ce, metallic Yb is characterized by a tendency to
form an intermediate valence ground state. At ambient
condition, Yb is divalent with an almost filled 4f shell, a
configuration reminiscent of the quasi-empty f states in
Ce at the opposite end of the rare-earth series. Thus, f
holes in Yb are expected to play a role similar to that of
the f electrons in Ce. In contrast to Ce though, Yb un-
dergoes two consecutive structural transitions: at 4 GPa
from fcc to bec phases and at 30 GPa where it trans-
forms to the hcp phase. Furthermore, while pressure in-
duces f-electron delocalization in Ce, it suppresses va-
lency fluctuation in Yb and leads the Yb ions towards a
localized trivalent state.

The Yb L; XAS spectra were measured as a function
of pressure in the PFY mode at the Yb Le; line [Fig.
42(a)] (Dallera et al., 2006). With increasing pressure, the
spectral weight is transferred from the edge region to a
new peak B at ~10 eV higher energy. An additional
peak A is also observed in the mid-energy region, which
progressively shifts to higher energy. The spectral line
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shape is understood as the superposition of two replicas
of the d density of states, shifted in energy and weighted
by the proportion of Yb?** and Yb3* in the ground state.
The two extreme features correspond to the 2p4fi4y?
and 2p4f'3° final states split by the Coulomb interaction
admixed with 5d character. Feature A, however, cannot
be associated to any f states. It is, in fact, well accounted
for by ab initio calculations including dynamical screen-
ing of the core hole (Colarieti-Tosti et al., 2004; Dallera
et al., 2006). The transfer of spectral weight as P in-
creases reflects the enhancement of the Yb** contribu-
tion at high pressure, in accordance with early XAS
measurements (Syassen et al., 1982). Figure 42(b) shows
the evolution of the Yb mean valence v derived from
Eq. (34) as a function of pressure. We use the quantity
1-ny,, where n,, is the number of f holes. Similar results
are obtained by decomposition of the 2p3d-RXES spec-
tra (not shown) measured in the pre-edge region. The
steep decrease at low pressure is indicative of the struc-
tural transition at 4 GPa. At higher pressure, 0 progres-
sively increases until it reaches ~2.55 at 20 GPa, the
maximum pressure obtained during the experiment. An
extra pressure point was simulated at 60 GPa, yielding a
valency of 2.72 (n,=0.28). This value is significantly
lower than the previous estimation of near trivalency at
30 GPa of Syassen et al. (1982).

The pressure dependence of the hole occupation num-
ber shown in Fig. 42(b) is a mirror image of the electron
occupation number in Ce. But Yb differs from Ce in the
proximity of the VCT to the Kondo regime. The latter
settles when 1-n,, (1—nf) is close to zero, which corre-
sponds to the low-pressure region in Ce and the high-
pressure region in Yb. While the y-a transition in Ce
falls well within the Kondo regime, Yb only enters it at
high pressure after the f-d electron system is already
significantly altered by band broadening effect. A strik-
ing point is that the dependence T for the Ce** configu-
ration is expected to increase continuously as n; de-
creases. On the contrary due to the interplay of the 5d
electron in Yb>*, T is expected to go through a maxi-
mum before decreasing (Flouquet et al., 2005). The dif-
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ference between electron-type (Ce) and hole-type (YDb)
Kondo temperature has been more precisely explained
by the influence of two competing and contradictory ef-
fects under pressure: increase of hybridization and sup-
pression of valency fluctuation (Goltsev and Abd-
Elmeguid, 2005).

3. Multi-Kondo channel: TmTe

Could other electronic channels participate in Kondo
screening? This question, known as the n-channel
Kondo (NCK) problem, has been invoked to explain the
exotic behavior of materials such as magnetic nanodots
and heavy-fermion compounds. In their review article
on exotic Kondo phenomena, Cox and Zawadowski
(1998) conjectured that pressure may induce an NCK
effect in intermediate valent f-electron systems, eventu-
ally leading to non-Fermi-liquid behavior, as pressure
can fine tune the hybridization between the impurity
and conduction bands. A particularly intriguing case of
the NCK effect is foreseen in intermediate valent Tm
compounds, where the valence fluctuation of the Tm ion
occurs between two magnetic states (J=6 and J=7/2).
This is in contrast with the more usual Kondo ions
where at least one of the two fluctuating configurations
is nonmagnetic: Ce** (), Yb?>* (f'4) are all characterized
by a zero angular momentum.

Jarrige et al. (2008) studied the Tm valence in TmTe
by 2p3d-RXES and x-ray diffraction under pressure.
Figure 43(a) summarizes the spectroscopic results in
TmTe under high pressure. The pressure dependence of
the Tm valence was estimated by fitting independently
the PFY and RXES spectra using a phenomenological
approach similar to that described by Dallera et al.
(2003) [cf. Fig. 43(b)]. The valence v, initial found
around 2 at the pressure (region I), increases abruptly
above 2 GPa to reach 2.5 at 4.3 GPa (region II). The
jump in v coincides with the transition to the metallic
regime (Matsumura ef al., 1997) and collapse of the unit
cell volume. Above 4.3 GPa, the valence levels off as the
volume recovers a normal compressibility behavior. The
valence anomaly persists up to the structural transition
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near 7 GPa (regions II to III), where v suddenly in-
creases from 2.58 to 2.72, and is expected to reach triva-
lency near 25 GPa.

The valence plateau in the intermediate pressure
range above 4 GPa is regarded as a signature of NCK
effects. In Tm ions, Tk and hence the NCK effects are
supposed to reach a maximum near v=2.4 (Saso, 1989),
a value that matches the measured TmTe valence in the
4.3-6.5 GPa pressure range. It was argued that when
more than one screening channels are involved, the con-
tribution of the Kondo screening to the localization is
sufficient to counterbalance the pressure-induced delo-
calization through band widening. Also, the variation of
the Tm valence with pressure is clearly different from
the continuous change usually observed in other com-
pressed f-electron systems that are associated with a
single-channel Kondo picture.

D. Delocalization and mixed valent behavior

Besides intervening in Kondo effects, the 4f electrons
play an important role in magnetic and structural prop-
erties of rare earths. Strange et al. (1999) estimated the
rare-earth valency in the metallic phase and in sulfides
from first-principles local spin density (LSD) calcula-
tions including self-interaction correction (SIC). In the
SIC-LSD approach, f electrons can be treated as both
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localized (where they experience a potential corrected
from self-interaction) and band electrons (moving in a
mean field potential) that are found only in trivalent sys-
tems. The merit of this approach is to allow for nonin-
teger f occupancy in contrast to other theoretical frame-
works (Temmerman et al, 1999). In the SIC-LSD
picture, the effective valency n.y (i.e., the number of
non-f valence electrons) results from the hybridization
of the f band state and the broad conduction band. The
stability of either nominal divalent or trivalent configu-
rations results from a trade-off between the localization
energy and the energy gained by hybridization (see Fig.
44). YbS and SmS, for instance, are predicted to be di-
valent, on the verge of valence instability, while the
trivalent Gd state is found to be highly stable. These
opposite tendencies are expected to be at the root of the
f-electron properties under pressure from delocalization
at moderate or high pressures to metal-insulator transi-
tions.

1. YbS and YbAI,

YbAl, and YbS both exhibit signatures of noninteger
valence at ambient conditions. In YbAI, especially, a
strong valence fluctuation and a correspondingly large
Kondo temperature 7x=2000 K is inferred from inelas-
tic neutron scattering (Gunnarsson and Schonhammer,
1985). The T dependence of the Yb valence in YbAI,
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has been estimated by a variety of bulk techniques such
as thermodynamic measurements, magnetic susceptibil-
ity, and thermal expansion, as well as by spectroscopic
probes including PES and inverse photoemission. Yet,
these results are far from being consistent. Furthermore,
pressure-dependent studies are limited, although va-
lence change could be probed on a larger scale: A 0.2
valence increase was deduced from standard XAS in Yb
solid solutions, using chemical pressure via Ca and Sc
substitution (Eggenhoffner ef al., 1990).

The RIXS spectra were obtained in YbAl, and YbS
under high pressure (Dallera et al., 2003; Annese et al.,
2004). The pressure dependence of the La; PFY-XAS
spectra in YbAI, is shown in Fig. 45(b). The ambient
pressure spectrum is characterized by two well-
separated features that are assigned to Yb** and Yb**
components in the final state. The latter gains in inten-
sity as pressure is increased, indicating the valence in-
crease. Figure 46 shows this evolution in YbAl,. Results
obtained in Yb and YbS are shown for the purpose of
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comparison. The simple line shape of the PFY-XAS
spectra allows a direct estimation of the Yb valence
from regular fitting procedure. The Yb valency is found
to grow from ~2.2 to 2.9 over 40 GPa pressure increase,
as deduced from the PFY data. Consistent results are
obtained using the RXES spectra [see Fig. 45(a)].
Figure 45(c) shows displays the PFY spectra measured
in YbS as a function of pressure. In contrast to YbAl,,
where two similar line shapes for the 2+ and 3+ PFY
components were used, the fitting procedure in YbS
takes into account quadrupolar excited states observed
in the pre-edge region [see the kink around 8.942 keV in
Fig. 45(c)]. This excitation involves 2p — 4f transitions in
the intermediate states, which is only realized for Yb**
since Yb?* has a full 4f shell. The nature and position in
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pre-edge region. (b), (c) PFY-XAS spectra in YbAl, and YbS as a function of pressure. From Dallera et al., 2003 and Annese et al.,
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energy of the quadrupolar peak was confirmed by mul-
tiplet calculations. Note that quadrupolar features are
not visible either in Yb nor in YbAI,, even in the high-
pressure regime where the weight of trivalent Yb sup-
posedly dominates the mixed-valent states. As discussed
below, this difference reflects the various degree of
f-electron localization in Yb compounds, which also
shows up in the variations of the Yb valence with pres-
sure in Fig. 46: v in YDbS slowly increases with pressure
from 2.3 at 0 GPa up to 2.6 at 38 GPa, contrasting with
the steeper increase in YbAIL, and also Yb.

SIC-LSD calculations in Yb compounds (Svane et al.,
2000, 2001) predict that YbS is strongly divalent (n.
=2 at T=0 K), as the trivalent excited state is located far
above in energy. On the other hand, YbAL, is supposed
to be weakly trivalent (n.4=2.46). The RIXS-extracted
valency (at P=0) is coherent with this picture in YbAl,
though the experimental n.; is slightly underestimated
compared to theory. This discrepancy may be ascribed to
temperature effects as the divalent state is expected to
contribute more at finite 7. Calculations in YbS are
more difficult to reconcile with the RIXS experimental
value, which shows a stark departure from divalency
[note that indirect estimate of the Yb valency in YbS by
diffraction (Syassen et al., 1985) did conclude on a diva-
lent state at low pressure]. The predicted stability of the
divalent state in the sulfide presumably rules out tem-
perature effects. On the other hand, YbS is a semicon-
ductor, contrasting with the metallic character of YbAl
and also Yb, and is less accurately described by the SIC-
LSD approach. YbS differs also by the sluggish variation
of the valence state as a function of pressure. In divalent
YbS, the two electrons provided by the rare-earth ion fill
the S-3p band whereas they occupy the s-d band in Yb.
When going to the more trivalent state, the f hybridized
band state is pulled closer to the Fermi energy, while the
s-d electronic structure is more or less unchanged con-
trary to the metallic materials. This indicates that f elec-
trons in Yb sulfide are less affected by bonding, and
significantly less sensitive to the lattice compression at

Rev. Mod. Phys., Vol. 82, No. 1, January—March 2010

high pressure compared to Yb. No structural change has
indeed been reported in YbS even though the compress-
ibility shows a small anomaly around 15-20 GPa. In
light of the RXES results, the anomaly cannot be attrib-
uted to a 2+ to 3+ valence transition as first proposed
(Jayaraman et al., 1974) or the onset of valence instabil-
ity (Syassen et al., 1985) but has to be related to gap
closure and metallization.

2. A trivalent 4f ion: Gd

Similarly to Ce, Gd undergoes a volume collapse
(AV/V ~5%) transition. But the latter occurs at much
high pressure around 59 GPa with respect to other rare
earths due to the exceptional stability of the Gd trivalent
state. The f delocalization in Gd under high pressure has
been studied by Maddox et al. (2006) using 2p3d-RXES.
Figure 47(a) shows resonant spectra taken at 18 GPa.
The spectra consist of dipolar (B and B*) and quadrupo-
lar (A) excited states. At high pressure, an additional
feature C grows on the low-energy side of A, which is
interpreted as the signature of the increased valency.
The data were interpreted assuming a c;|4f%%)
+¢,|4f7v%) + ¢5|4f50%) mixed ground state. Features B and
C are attributed to 2p4f7v* and 2p4f8v3, respectively.
The progress of 4f delocalization was estimated by the
f8/f spectral ratio. The results are shown in Fig. 47(b),
which also display results from Ce-Sc and Ce under
pressure.

The smaller f*/f" ratio compared to Ce at the same
volume is consistent with the more localized f electron in
Gd since the f shell is more tightly bound in the heavier
lanthanides due to the ever increasing but incompletely
screened nuclear charge. The continuous decay in Gd as
a function of pressure suggests a Kondo-like aspect of
the delocalization of the f electron, in fair agreement
with DMFT predictions (in the Ce case). Interestingly,
the volume instability in Gd falls approximately within
the same f™*!/f* region as in Ce where a low volume
Kondo state is favored.
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3. Connection to metal-insulator transition: SmS

SmS is considered as a model system for f-electron
delocalization as the interplay between charge, lattice,
and magnetic degrees of freedom is at its strongest
among the rare-earth series. At ambient pressure, SmS
is a semiconductor which crystallizes in the NaCl struc-
ture (black phase) with a divalent nonmagnetic configu-
ration (4/%). At 0.65 GPa and room temperature, it un-
dergoes a first-order isostructural phase transition to a
metallic state (gold phase), marked by a significant con-
traction of the unit cell [see Fig. 48(a)]. In the high-
pressure phase, the Sm ion is supposedly in an interme-
diate valence state. In contrast to the room-temperature
behavior, the semiconducting state persists at 7=0 K up
to Py=2 GPa, where the sample ultimately becomes me-
tallic. The transition towards a magnetic ground state at
2 GPa was confirmed by nuclear forward scattering
(NFS) experiments performed at low temperature (Barla
et al., 2004). A value of 0.5up was estimated for the Sm
magnetic moment, which points to a trivalent state.
Magnetism was found stable up to 19 GPa with an or-
dering temperature continuously increasing with pres-
sure. This makes unlikely the presence of a QCP in SmS
as initially thought.

The pressure dependence of the Sm valency was stud-
ied by Annese et al. (2006) using 2p3d-RXES from
3to 18 GPa at room temperature. The results [Fig.
48(b)] compare well with early estimations obtained by
XAS at the Sm L3 edge (Rohler et al., 1982) that are
extended here to much higher pressure. RXES indicates
that the onset of long-range magnetic order at P, is not
correlated with transition to the full trivalent state (P.
~13 GPa), but occurs beforehand at a valence v=2.8.
On the other hand, NFS data from Barla et al. (2004) do
not show any anomaly around P,.. In fact, barely any
change in the magnetic properties is observed from
2 to 19 GPa. It seems therefore that the Sm 4f electrons
behave magnetically like a completely trivalent ion well
before the pressure P, for the transition to the pure
trivalent state is reached.
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E. f band states: Actinides

1. U heavy fermions

In the U compounds, U normally exists in two valen-
cies with nominal U3* (5f°) and U** (5f°) ionic configu-
rations. Yet its exact valency is poorly characterized
since bulk magnetic measurements cannot distinguish
between two valent states having a similar paramagnetic
moment. In fact, the tendency of the 5f states to hybrid-
ize with the conduction electrons is likely to lead to a
noninteger 5f occupancy. That the U structure in the «
phase is reminiscent of the Ce structure further supports
this idea as first suggested by Ellinger and Zachariasen
(1974).

The extension of 2p3d-RXES to actinides provides an
alternative way for determining the U valency and fol-
lowing its evolution with pressure. But it is only recently
that the delocalization of 5f states under high pressure
has been investigated by RXES, following the surge of
activity related to superconducting U heavy-fermion
compounds.

a. UPd_g, UszAlj

UPd; is a clear-cut example of a well-defined 5f° state.
Divalency is confirmed by neutron spectroscopy via the
measurement of crystal-field excitations (Buyers and
Holden, 1987) and photoemission (Ito et al, 2002).
Pressure-induced delocalization toward a 5f' state at
25 GPa was predicted by Petit et al. (2002) using SIC-
LSD. However, no corresponding effect of volume col-
lapse was observed experimentally up to 53 GPa by
x-ray diffraction under pressure (Heathman et al., 2003).
UPd,Al; is an antiferromagnetic superconductor (7'
=14 K, T.=2 K), characteristic of the interplay between
magnetism and superconductivity and of a moderate
heavy-fermion character. Contrary to UPd;, UPd,Als
undergoes a structural phase transition around
23.5 GPa. The doubling of the compressibility was inter-
preted by a valence change (Krimmel et al, 2000) in-
duced by the partial delocalization of the f electrons
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FIG. 49. (Color online) PFY-XAS spectra in
(a) UPd; and (b) UPd,Al; as a function of
pressure (open circles). Ambient PFY-XAS
spectrum of UPt; is shown (black line) for
comparison purpose. From Rueff et al., 2007.

(Zwicknagl and Fulde, 2003). The dual nature of the 5f
electrons is supposedly illustrated by the behavior at
ambient conditions of another U compound UPts;, a
heavy-fermion superconductor (7,=0.5 K). The uncon-
ventional character of UPt; is considered to be partly
related to the coupling between the localized #” state and
delocalized f electrons (Zwicknagl et al., 2002), which are
found at the Fermi energy (Allen, 1992).

Figure 49 shows the PFY x-ray absorption spectra at
the U-Lj; edge in UPd; and UPd,Al; as a function of
pressure (Rueff er al,, 2007). The UPd; spectra show
well-defined peaks (A, C, and D in the figure) in the
edge region but no f-related features in the pre-edge
region contrary to the rare-earth compounds. As pres-
sure increases, the structures C gains in intensity while
the high-energy features D and D’ seemingly split in
energy. Simultaneously, a shoulder A’ appears on the
low-energy side of the white line that gradually becomes
asymmetric. The evolution of the U-L; edge in UPd,Al;
as a function of pressure [Fig. 49(b)] strongly differs
from UPd;. The spectra barely vary up to 20 GPa except
for the progressive increase of a second feature, which
appears as a shoulder to the white line (A’) along with a
slight energy shift of the white line itself (A) and of the
high-energy oscillations (C). The white line suddenly
broadens above the structural transition while the high-
energy oscillating pattern reduces to a single peak (D).

The data are compared to ab initio calculations of the
U-L; edges with the linear muffin tin orbital (LMTO)
method in the LDA approximation. In UPd;, this
method was shown to give a pertinent solution with two
localized f electrons (Yaresko et al., 2003). The 5f levels
in UPt; are found to be partly delocalized in agreement
with the XPS results. The LMTO calculation cannot re-
produce the exact line shape of the absorption spectra
but yields a reasonable estimation of the 5f occupancy
number (see Fig. 50). When discussing the U 5f occupa-
tion, two problems arise: the first is the unknown struc-
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ture of UPd,Al; at high pressure; the second is due to
the tails of the states centered on neighboring sites that
have the f character inside the uranium atomic sphere.
The structure of ThPd,Al; was used with the atomic ra-
dius of uranium. To solve the second issue, the differ-
ence dg between the f-electron density inside the U
atomic sphere (q}j) and that inside a Th sphere (qgh),
which substitutes a U atom, is calculated. The correction
serves to exclude the contribution from the Pd and Al
states with f symmetry inside the U atomic sphere. This
approach is valid as long as the f electrons are not too
strongly hybridized.

In UPd; the occupation of the U 5f shell averaged
over two nonequivalent U sites monotonously decreases
from 2.05 at ambient pressure to 1.98 at 40 GPa. In the
whole pressure range &gy remains close to 2, which sug-
gests that the valence state of U ions does not change
under lattice compression. Thus, the picture that
emerges is that of a localized f> configuration, consistent

2.15 1 o—o—e UPd,Al
| A—4+—4A UPd,
2.10
g ]
2.05 4
2.00 |
] 3
195

Pressure (GPa)

FIG. 50. (Color online) Calculated occupation number in
UPd,Al; and UPd; as a function of pressure. From Rueff et al.,
2007.
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with the diffraction data of Heathman et al. (2003) and
former band calculations by Ito et al. (2002). It definitely
rules out the prediction of a f> to f! transition under
pressure reported in Petit er al. (2002).

In UPd,Al;, 8g;=2.17 at ambient pressure indicates
that the U ion is in an intermediate valence state. dq,
then gradually decreases with pressure with a somewhat
higher rate above the structural transition. Comparing
the UPd,Al; data to the dg{0)=2.05 for UPds, for which
the U 5/ configuration is well established, one can sup-
pose that the structural transition at 23.5 GPa is related
to the change of the valence state of a U ion from an
intermediate U“-9* valency to U**. This semiqualitative
analysis does not allow one to answer the question
whether the U valency in the high-pressure phase re-
mains integer or becomes U®9+  Tt, nevertheless,
agrees with the current understanding of the U valence
in UPd,Al;, which is described by a coexistence of local-
ized and delocalized f electrons. The mixed valent state
already formed at ambient pressure deviates from the
preceding assumption of two localized and one delocal-
ized f electrons (Petit et al., 2003).

VI. BONDING CHANGES IN LIGHT ELEMENTS

The discussion so far was limited to resonant spectros-
copy where absorption and emission are combined in a
single process defined as RIXS. X-ray absorption, the
first step of the RIXS process, is itself a widely used tool
and can be used as a probe of the electronic structure
when the near-edge structure is measured. XAS is nota-
bly advantageous in the soft x-ray range because of ap-
plications to elements of wide interest but also because
the low photon energy can result in a high resolving
power. In this section we look at a particular aspect of
IXS where absorption edges of light elements are mea-
sured via the inelastic scattering of hard x rays.

A. Soft x-ray XAS vs XRS

In this section, we address the particular case of the K
edges of light elements, which has been one of the major
domains of application of XAS for its sensitivity to
chemical bonding, coordination, or molecular level
(Stohr, 1992). The methods of detection may vary from
fluorescence yield to Auger or electron yield or sample
photocurrent. Despite differences in probing depth re-
lated to different methods of detection, soft x-ray XAS
is highly sensitive to the sample surface. In the soft x-ray
range, the penetration depth of x rays is typically of the
order of 50 A. This is not an issue as long as the surface
is clean and the sample environment transparent. How-
ever, when it comes to high-pressure experiments in a
pressure cell, soft x-ray XAS is not applicable.

In contrast, x-ray Raman scattering offers the possibil-
ity to access core electronic level through a high-energy
scattering process. As explained in Sec. II.B.2, the
method is equivalent to soft x-ray XAS, provided the
momentum transfer g is chosen small enough compared
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FIG. 51. (Color online) C K edge in highly oriented pyrolitic
graphite as obtained by x-ray Raman scattering (XRS) from
Rueff er al. (2002) and soft x-ray absorption spectroscopy
(XAS) from Brithwiler ef al. (1995). The energy scale refers to
the transfer energy (incident energy) for XRS (XAS). The mo-
mentum transfer (¢) and polarization vector (e) are set either
parallel (Il) or normal (L) to the graphite ¢ axis.

to the core wave-function spatial extension (forward
scattering geometry). Second, q acts as the polarization
vector € in XAS and can be used to project the final
states onto directions of high symmetry. This is shown in
Fig. 51 in the case of highly oriented pyrolytic graphite
(HOPG). The XRS spectra were measured at a scatter-
ing angle of 10° with q set parallel or normal to the ¢
axis (Rueff et al., 2002). The XRS spectra (solid lines)
compare well, though less resolved, with polarization-
dependent soft x-ray XAS at the C K edge (dashed
lines) (Brithwiler et al., 1995).

Evidently, the price to pay for using nonresonant scat-
tering is the low cross section with respect to resonant
spectroscopy. The poor efficiency of XRS explains the
limited number of experiments, summarized in Table V,
which have been performed under high pressure. This
difficulty, nevertheless, can be overcome in a straightfor-
ward manner by enlarging the collecting solid angle of
the spectrometer. Combining several crystal analyzers in
an array (Bergmann and Cramer, 1998) or diminishing
the crystal bending radius (Gélebart et al., 2007) allows a
significant gain in intensity.

B. Coordination chemistry under pressure

In the low-g limit, the XRS cross section is dominated
by the dipolar term (see Sec. I1.B.2). At the K edges
therefore the XRS final states are orbitals of p symmetry
whose nature (7,0) or bonding character can be probed,
similarly to soft x-rays XAS or electron energy loss spec-
troscopy (EELS). But because high-energy photons are
involved in the XRS process, it is now possible to inves-
tigate how these evolve in situ under extreme conditions.
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TABLE V. Changes in light elements under pressure investi-
gated by x-ray Raman scattering. P,,, stands for the maximal
pressure reported in the experimental work.

Sample K edge P (GPa) Changes
v-B,04 B,O 22.5 tri— tetra-coordinated®
BN B.N 18 sp2—sp3®

C (graphite) C 23 T—0°

Ceo C 20 sp?—sp? d

C¢Hg C 20 hybridization change®
H,O (0] 0.25 ordering of O-H bonds'
H,0 o) 0.03 supercritical water®
H,O (0] 12.5 H,, O, dissociation”
H,O 0] 0.6 H-bonding increase!

fCai et al. (2005).
SWernet et al. (2005).
"Mao et al. (2006).
‘Fukui et al. (2007).

Lee et al. (2005).
"Meng ef al. (2004).
‘Mao et al. (2003).
YKumar et al. (2007).
“Pravica et al. (2007).

An emblematic example of pressure-induced bonding
change is graphite, one of the simplest 2D materials.
Under pressure graphite undergoes a metal-insulator
transition around 15 GPa, which is signaled by a signifi-
cant drop in reflectivity, a broadening of the vibrational
modes, and a change of the x-ray diffraction pattern.
The observation of the C-K edge in compressed graph-
ite has clarified the mechanism of this transition. Figure
52 shows the variation of the C K edge in compressed
graphite at ambient temperature. The narrow 7* fea-
tures at low energy are related to the 2p, antibonding
orbital, while the broad humps on the high-energy side
corresponds to o* in-plane bonds. With increasing pres-

11
* f—)o%
-y
[}
g 2.4 GPa
'8 7.6 GPa
N 10.8 GPa
'_é' 142 GPa
16.7 GPa
; 20.5 GPa
vertical 23.2 GPa
- 23.2GPa
horizontal
280 290 300 310 320

Energy loss (eV)

FIG. 52. C K edge in graphite under pressure measured by
x-ray Raman scattering (XRS). From Mao et al., 2003.
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sure, about half of the 7 bonds transforms to o bonds
(Mao et al., 2003) as deduced from the transfer of spec-
tral weight under pressure. The conversion implies a
partial change from sp? carbon to an sp? form, though
without a full transformation to diamondlike structure.
This apparently contrasts with fullerene, another form
of sp? carbon at ambient conditions, which was reported
to convert fully to sp® diamond structure under pressure
(Kumar et al., 2007). One has to remain cautious, how-
ever, with the quantitative interpretation since the *
and o* C near-edge features consist of excitonic excited
states (Brithwiler et al., 1995) whose binding energy and
localization will be strongly affected by pressure.

That the compressed graphite presents a remarkable
hardness is a clear indication that a new form of carbon
is synthesized at high pressure. Boron shows a compa-
rable sensitivity to the compressed lattice, leading to an
change of the local coordination and structural transfor-
mations, aided in compounds by the hybridization with
the ligand p states. In situ measurements of the B and O
K edges in B,O5 glass by XRS (Lee et al., 2005), for
instance, has proven the conversion of tricoordinated B
to tetracoordinated B under pressure, while the O-7*
bonds are progressively transformed into o* type. Figure
53 shows the case of hexagonal BN under pressure in-
vestigated by XRS. The spectral changes at the B-K
edge denote a transformation of the B coordination
shell from sp? to sp? above 14 GPa. The transition is
accompanied by a structural transformation of 4#-BN to
the hexagonal close-packed structure (w-BN), another
polymorph of BN. Simultaneously, the N K-edge spectra
reflect the diminution of 77 bonds in the compressed BN
to the depend of o ones. The observed chemical changes
provide a mechanism for the densification of BN under
pressure.

C. Structure of water and ice: Hydrogen bonding

Compared to the 2D materials, water exhibits a far
greater complexity. Both liquid and solid phases form a
three-dimensional network of H,O molecules linked by
hydrogen bonds that lead to a rich variety of phases
under specific temperature and pressure conditions. Be-
side infrared spectroscopy and x-ray diffraction, soft-x
ray XES at the O-Ka line (Guo et al., 2002) and XAS at
the O K edge (Wernet et al., 2004) have been suggested
as probes of the local bonding configurations in water.
When performed via the XRS process, the latter gives
readily access to high-pressure phases of water that are
not attainable by soft x-ray techniques.

Figure 54 shows XRS spectra of water and ice mea-
sured at the O K edge in a pressure cell as a function of
temperature at a pressure of 0.25 GPa. Starting from lig-
uid water at high temperature, the experiment explores
successively the phases III, II, and IX of ice upon cool-
ing. Discernible pressure-dependent effects can be ob-
served, especially in the pre- and post-edge regions. Ac-
cording to density-functional calculations for liquid
water and ice (Wernet et al., 2004), the strength of the
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FIG. 53. Bonding changes in BN. B (left) and N (right) K edges in BN under pressure measured by x-ray Raman scattering (XRS).

From Meng et al., 2004.

near-edge structure can be related to the number of un-
coordinated hydrogen bonds. From the liquid phase to
ice IIT at 0.25 GPa, for instance, the decrease of the pre-
and main-edge intensities is understood as a conse-

" [P(GPa), T(K)]
B [1atm, 300]

Normalized Intensity (arb.unit)

530 535 540 545 550
Energy (eV)

FIG. 54. (Color online) O K edge in water and ice phases as a
function of pressure and temperature. From Cai et al., 2005.
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quence of the ordering of the oxygen framework, which
reduces the number of uncoordinated hydrogen bonds.
The trend seemingly continues from ice III onwards. But
the validity of such an interpretation has been ques-
tioned recently by Prendergast and Galli (2006). Using
ab initio calculations, they found that the pre-edge struc-
tures is mostly of excitonic nature, thus with little bear-
ing on the local environment.

VII. SUMMARY AND PERSPECTIVES

In this article we have reviewed the spectroscopy of
electronic properties of materials under extreme condi-
tions from the point of view of inelastic x-ray scattering.
IXS, whether in the resonant or nonresonant mode, has
several useful features. It is an all-photon technique with
bulk sensitivity and superior penetration depth, there-
fore compatible with difficult sample environments;
RIXS shares chemical selectivity with first-order spec-
troscopic techniques but in contrast to them can furnish
improved resolution better than the core-hole lifetime
while enhancing the signal from electronic excitations
through resonant and spectral sharpening effects; mo-
mentum conservation provides a means to study the dis-
persion of these excitations, while spin conservation
gives a handle to local magnetic properties; finally in the
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nonresonant mode, XRS offers the opportunity to mea-
sure the K edges of light elements with a high-energy
probe. These features can be fully exploited in the new
generation of x-ray sources which are tunable, extremely
brilliant, and highly focused, down to the micron level,
well within typical sample sizes in pressure cells.

The versatility of the IXS technique allows one to ad-
dress a rich variety of physicochemical phenomena in
materials under pressure. RIXS for instance has been
applied to various strongly correlated d-electron com-
pounds and Kondo-like f-electron systems, while XRS is
well suited to the study of light elements in materials
such as graphite or water. As it turns out, the behavior
of compressed matter, especially in the presence of
strong electronic correlations, is far more complex than
that expected from a simplistic picture of electron delo-
calization. Indeed, spectroscopic results reveal unusual
behavior in the electronic degrees of freedom brought
up by increased density under pressure, changes in the
charge-carrier concentration, overlapping between or-
bitals, and hybridization. Many of these have been dis-
cussed in this review: Magnetic collapse and the metal-
insulator transition in transition-metal oxides that are
coupled to strong magnetovolumic effects especially im-
portant for their geophysical implications; mixed valent
behavior and Kondo screening of the magnetic moment
in compounds with narrow f-electron bands as a result of
their interaction with the conduction electrons; and, fi-
nally, change of coordination, local structure, and chemi-
cal bonding with pressure in covalently bonded or hy-
drogen bonded compounds.

Expanding these investigations to still high pressure,
extremely low or high temperatures or high magnetic
field, is the next step. In the following, we suggest one
line of research which could profit from such an im-
provement.

A. Quantum critical points

The discovery of nonconventional superconductivity
close to a quantum critical point (QCP) and the devia-

Rev. Mod. Phys., Vol. 82, No. 1, January—March 2010

tion from Fermi-liquid behavior are among the challeng-
ing features observed in heavy fermions. A generalized
phase diagram around the QCP is shown in Fig. 55 as a
function of a nonthermal control parameter P. The lat-
ter has no unequivocal meaning but in the present con-
text can be associated to pressure. In this framework,
one can derive three relevant pressures, which charac-
terize the f magnetism and hybridized state following
the definitions of Flouquet (2005): Px; denotes the onset
of itinerant magnetism, P, (the critical pressure) marks
the disappearance of long-range magnetism and the on-
set of the Fermi-liquid behavior, while at higher pressure
P, indicates the regime where the angular momentum J
is quenched by the Kondo coupling. At low tempera-
ture, the system undergoes a transition from a classically
ordered state to a quantum disordered phase where the
electrons behaves as a Fermi liquid below a characteris-
tic temperature 7*. The two regions are separated by the
QCP, a singularity marking the divergence at P, of the
quantum coherence length. It is believed that a novel
ordered phase is reached as the systems approach P..
Above this region, non-Fermi-liquid behavior prevails
(Custers et al., 2003). Hints of quantum criticality have
been found in many heavy-fermion compounds. In par-
ticular, it seems that the vicinity of a QCP is fundamen-
tal for superconductivity in Ce and U compounds. This
includes the discovery of superconductivity under pres-
sure well within the AF [Celn; (Mathur ef al., 1998)] and
FM [UGe, (Saxena et al., 2000)] phase domains. But de-
tailed knowledge of the electronic properties in the vi-
cinity of the QCP is still hampered by experimental dif-
ficulties. Exploring the QCP phase diagram requires
high-pressure measurements at low temperatures and
thus mastering technical difficulties such as fine and
stable remote control of a pressure cell inside a cryostat.
Recent developments in pressure setups open up new
perspectives for such studies (Rueff, 2009). Although
temperatures of few K are beyond reach at the moment,
the influence of the QCP that is expected to encompass
a wide region of the phase space could be investigated.
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B. Theoretical developments

Finally, from the theoretical point of view, the param-
etrized multiplet approach has shown its limits and in-
sufficiencies for the description of the strongly corre-
lated state, although it remains one of the most efficient
calculating methods for spectroscopy. One step toward
an improved scheme is to implement realistic density of
states, computed from first principles, in a cluster model.
Such a method has found a perfect testing ground in
152p-RXES thanks to the wealth of information it pro-
vides in cuprates (Shukla et al., 2006). Alternatively, new
ab initio theoretical frameworks, such as dynamical
mean-field-theory, have proven to be extremely useful
for describing the Kondo state of f electrons (de’ Medici
et al., 2005; Amadon et al., 2006). These calculations can
well reproduce quantities such as the XPS spectral func-
tion, and the hope is that they could equally well de-
scribe second-order processes including RIXS.
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