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ABSTRACT

Lhusual phase transitions driven by electron correlation effects occur in many /-
electron metals (lanthanides and actinides alike) from localized phases to itinerant phases
at high pressures. The dramatic changes in atomic volumes and crystal structures
associated with some of these transitions signify equally important changes in the
underlying electronic structure of these correlated/-electron metals. Yet, the relationships
among the crystal structure, electronic correlation and electronic structure in /-electron
metals have not been well understood. In this study, utilizing recent advances in third-
generation synchrotron x-ray spectroscopies and high-pressure diamond-anvil cell
technologies, we describe the pressure-induced spectral changes across the volume
collapse transition in Gd at 60 GPa and well above. The spectral results suggest that the/-
electrons of high-pressure Gd phases are highly correlated even at 100 GPa - consistent
with the Kondo volume collapse model and the recent experimental evidence of strong
electron correlation of a-Ce.

INTRODUCTION

The /-electron metals, actinides and
lanthanides alike, exhibit a profound
change in character, both for individual
metals as a function of compression, or
across the series as a whole at ambient
pressure, as illustrated in Fig. 1 [1]. The
early part, from Th-Pu, shows a parabolic
behavior of the equilibrium molar volume
reminiscent of the J-transition metals,
whereas the later part shows a more
constant behavior of the specific volume
as a function of atomic number. The
similarity between the light actinides and
the d-transition metals in this regard is
governed by the fact that the light
actinides and the ^-transition metals both
have delocalized electrons, / and d
respectively. For the heavier actinides
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Figure 1. Specific volumes of f- and d-
electron transition metals plotted as a
function of their band actinides occupancy.
Divalent Eu and Yb are the exceptions to the
systematic behavior of other trivalent rare-
earth metals.
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from americium and on, however, the 5/electrons are localized similar to the lanthanide
series and their properties become quite different from that of the earlier actinides.

Plutonium, at the central position of the two trends, exhibits a dramatic effect with a
subtle change in lattice induced by pressure, temperature and impurities [2]. For example,
Pu at ambient conditions crystallizes into low symmetry monoclinic oc-Pu with 16 atoms
per unit cell suggesting itinerant electrons participating in bonding, whereas at slightly
elevated temperatures it undergoes a series of phase transitions to high symmetry fee 5-
Pu with localized 5 / electrons. Because of this fundamental difference in 5/-electron
correlation/bonding, these two phases of a- and 6-Pu have very different thermodynamic,
mechanical and chemical properties including a huge difference in density near 20 %.
The dramatic changes in atomic volumes and crystal structures associated with some of
these transitions signify equally important changes in the underlying electronic structure
of these correlated /-electron metals. The evidences include a very complicated phase
diagram of Plutonium with seven polymorphs at the ambient pressure alone and several
more at high pressures and a highly unusual minimum in the melt curve.

Analogous to the 8-oc phase transition of Pu, rare-earth metals also exhibit unusual
electronic phase transitions at high pressures. Figure 2 summarizes the pressure-induced
structural phase transitions in the early trivalent rare-earth metals, from high-symmetry
closed-packed structures (colored in red) at low pressures to low-symmetry complex
structures (in blue) at high pressures
[1]. Similarly, these transitions are |
considered to occur as a result of the 100 |
pressure-induced ^/-valence electron |
delocalization, but its exact nature is -. !
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not well understood. For example,
some of these transitions are
accompanied with large volume
collapse (for example, 15 % in Ce at 1
GPa, 10 % in Pr at 20 GPa and 5 % in
Gd at 60 GPa), yet the others like Nd
and Sm transform to itinerant phases
without any apparent discontinuity in
volume. No collapse has been found in
the late series of rare-earth metals. It is
not known if there exist similar volume
collapse transitions in Nd and Sm at
low temperatures or at higher pressures
than we have studied to date. Neither is
known if such a large volume collapse
is a direct manifestation of any abrupt
electronic structure change.

Generally speaking, the effects of electron correlation diminish with pressure as
shown in Fig. 2, yet the underlying physical mechanism is not established- neither
experimentally nor theoretically. There are two emerging conjectures for the origin of the
volume collapse. One is a "Molt transition" in which high pressure causes an increased
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Figure 2. Unusual electronic phase
transitions of the early rare-earth metals
from high-symmetry closed-packed
structures of correlated phases (in red
symbols) at low pressures to low-symmetry
complex structures of itinerant phases (in
blue) at high pressures.
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overlap between initially localized /-electron orbitals and a resulting change to a metallic
phase [3]. This band widening also causes the destruction of local magnetic moments.
This transition occurs abruptly in a first-order, which may end at a critical point at high
temperatures. The competing "Kondo volume collapse" mechanism suggests instead that
the important pressure-induced change is in the localized-valence electron coupling [4,5].
In such, the local moment of/-electrons is only screened by the valence- and/or their own
/-electrons- not quenched. This transition is then expected to occur more continuously
with increasing pressure. An abrupt reduction in volume may or may not occur at a
critical level of such electron screening. As a result, no theory has yet been able to
convincingly explain the existence (or absence) of such a volume collapse, nor
simultaneously describe both of the phases that lie to either side of the electronic volume-
collapse transition.

Despite the apparent relationship between crystal and electronic structures in /-
electron metals, the high-pressure experiments to date have been focused largely on
probing crystal structural properties. There are little data regarding the electronic
structures of phases at high pressures. Clearly, the combined information of electronic
spectral data and crystal structural data is critical to discriminate between different
underlying mechanisms proposed to explain these unusual electron correlation-driven,
structural phase transitions and, thus, to gain insight into these unusual electronic phase
transitions. This is exactly an overarching goal of the present study, and in this paper we
highlight the spectral changes observed in Gd to 100 GPa [6].

EXPERIMENTAL RESULTS

Probing /-electronic states in actinide and lanthanide metals at high pressures is,
however, challenging, because the governing electronic states are located at relatively
low energies. For example, the M-edges are less than 1 keV, and the/-electron states are
within only a few eV apart from the Fermi level. Theoretical expectations are that the/-
electron density of states should be "Hubbard split" by ~ 6 and ~ 4 eV for the rare-earths
and actinides respectively, whereas in the itinerant phases this splitting is absent and the
/-density of states should be a contiguous structure overlapping the Fermi level [1].
High-pressure investigations of such low energy transitions are not feasible using a
conventional x-ray absorption technique, because of strong x-ray absorption by diamond
and/or any metal gasket. In fact, such soft x-rays do not even penetrate through the bulk
of/-electron metal samples and, thus, the studies have been focused on probing the/-
electron states largely on the surface and at the ambient pressure.

High intensity, third-generation x-ray offers new ways to investigate relatively low-
energy electronic states from the bulk at high pressures, by using relatively high-energy
x-ray with high energy resolution, AE/E > 104. Furthermore, combining with recent
developments of radial x-ray DAC technologies utilizing high-strength x-ray translucent
Be gaskets (in the spectral region of 5-10 keV, otherwise blocked by strong diamond
absorption), it is now possible to utilize a variety of high-resolution x-ray spectroscopic
methods to probe the pressure-induced changes in electronic transitions,/# (or, valence)-
electron hybridization, and local moments in/-electron metals, all at 100 GPa pressures.
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Over the past several years, we have developed/applied a wide array of x-ray
spectroscopic methods to probe electronic and magnetic properties of 3d/4f-e\ectron
metals in diamond anvil cells at pressures to 100 GPa. The spectroscopic methods used
include x-ray absorption spectroscopy (XAS), resonant inelastic x-ray scattering (RIXS),
x-ray emission spectroscopy (XES), and x-ray circular dichroism (XMCD) [6-9]. Many
of these experiments have been performed at the HPCAT beamline (16IDD) of the APS.
Among these results, in this paper we summarize the XAS, RDCS, and XES data of Gd,
all obtained at high pressures to 100 GPa well above the volume collapse transition at
~60 GPa, so as to understand the exact nature of electronic correlation in highly
compressed Gd.

A. L-edge X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectra with high energy resolutions are typically composed of two
distinctive features; (i) x-ray absorption near edge structure (XANES), covering the
region between a few eV below the binding energy Eo (often called as a pre-edge) and
~10 eV above the Eo (a near edge) and arising from electron excitations from core levels
to higher unfilled, half-filled orbitals, or non-bound levels, and (ii) near/extended edge x-
ray absorption fine structure (N/EXAFS), covering the region above 10 eV and arising
from scattering processes of the ejected
photoelectrons by the coordinating
shells and neighboring atoms.
Therefore, the XANES probes the
electronic density of state of
unoccupied final states of the system,
whereas the EXAFS, particularly with
significantly high kinetic energies (to
-1000 eV above the Eo), can accurately
determine the local structure or
geometry.

Figure 3 shows the Lm XAS of
compressed Gd in the XANES region,
consisting of a strong dipole allowed
2p->5d transition in the near-edge (or,
"white" line) and a weaker quadruple
allowed 2p-J>4f transition in the pre-
edge region. The pressure-induced
spectral change is most dominant in the
near-edge region, showing a continuous
decrease of the white-line intensity with an increase of pressure. Similar changes have
been observed in the Lm XAS of Ce across the y—MX phase transition at low temperatures
[10]. A plausible explanation of the pressure-induced white-line intensity decrease in
both Ce and Gd is the 5d (or, more generally, valence) electron hybridization with the 4f.
Such hybridization will induce fluctuation in /-electron valence and lead to a mixed
valence ground state, as explained in Ce [10]. However, because of a significant 2p core-
hole broadening, the pre-edge feature of the Lm edge is unresolved in Fig. 3 and, as a
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Figure 3. The Lm XAS of compressed Gd,
illustrating a continuous reduction of the
2p—>4d transition intensity with pressure.
The absorption spectra were obtained using
two 0.5 mm-perforated diamond anvils to
minimize the x-ray absorption.
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result, the corresponding increase in the 4f pre-edge intensity is not apparent.
Nevertheless, as will be explained in the next section, the 4f-5d hybridization becomes
apparent in the M-edge x-ray absorption spectrum where the 4f and the 5d features are
well resolved, as discussed in the next section.

B M-edge X-ray Absorption Spectra by Resonance Inelastic X-ray Scatterings

The M-edge absorption spectra can be resolved via inelastic x-ray scattering
processes, utilizing high-energy (~7 KeV) incident x-ray near the Lm edge. Such
experiments can be performed in two ways: (i) using x-ray resonance at the dipole-
allowed transition - a relatively strong fluorescence process, referred to resonance x-ray
emission spectroscopy (RXES) or (ii) using x-ray near the resonance - a weak inelastic
Raman process which conserves both energy and momentum of the incoming x-ray and
is often referred to resonance inelastic x-ray scattering (RDCS). The RXES provides the
conduction electron DOS, identical to low-energy M-edge x-ray absorption spectra. The
RIXS experiment, on the other hand, can be performed on a single crystal to obtain the
pressure- and angular- dependences of p,d,f-electron orbitals near the Fermi level (within
a few eV) - not demonstrated at high pressures.

4/V

(c)
5GPa

AE(KeV) Energy Transfer [eV]

Figure 4 (a) A schematic illustrating the 2p3d RXES process in Ga\ (b) the RXES at 8
GPa, plotted as a function of energy transfer AE between the incident x-ray energy Q
(marked on each spectra) and the fluorescence x-ray fluorescence CO, and (c) the
pressure-induced change in Gd RXES at Q= 7.241 KeV, showing a new feature C
arising from the pressure-induced f-electron hybridization.

In the RXES experiments, we measure the La x-ray emission (co) which
corresponds to 2p —» 3d core-hole decay at around 6.05 KeV, following high energy x-
ray excitation near the Lm absorption edge (Q) which corresponds to quadruple allowed
E2: 2p -» 4f transition at 7.241 keV and El: dipole allowed 2p -» 5d at 7.247 keV of Ga.
Then, plotting the measured emission intensities as a function of the energy transfer AE =
Q - co is the RXES that carries the same information of the M-edge x-ray absorption, as
illustrated in Fig. 4(a).
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The characteristic of the Gd RXES at 8 GPa (Fig. 4(b)) is analogous to those
previously obtained from the Gd oxide [11] and consists of three main features: (i) a
strong feature B at AE=1186 eV which resonates at £2=7247 eV corresponding to the
dipole-allowed El: 2p —> 5d transition, (ii) a substantially weaker peak A at 1180 eV,
resonating at 7239 eV corresponding to the quadruple allowed E2: 2p -» 4f transition,
and (iii) a broader feature B' at <1191 eV with the same resonance characteristics as peak
B. Incident energies above 7247 eV correspond to excitations into continuum states (e*),
representing non-resonant XES.

At higher pressures, however, significant spectral changes occur in the RXES, as
shown in Fig. 4(c). The most striking one is the new feature C at around 1182 eV, which
rapidly increases the intensity with increasing pressures. This new feature can be
understood in terms of the pressure-induced electron hybridization, resulting in the
growth of the fv4 and fv2 components of the wave function at the expense of the
predominant fv3. Note that the v refers to valence electron in the 5d6s orbitals in Fig.
4(a). Having such a mixed ground state, the peak C can be understood in terms of the
transition from the/v2 to the same final state multiplet of the A , / v 5 (or 3d4f(5d6sf),
but via a dipole-allowed intermediate state fv2, instead of a quadruple allowed fv3 tofv3

transition of the A. Therefore, the new feature C becomes progressively stronger with
respect to the A or B peaks, as the pressure (or, the mixing ratio) increases. The splitting
between the A and C peaks, ~2 eV, is then a measure of the on-site electron correlation of
/-electrons in Gd. A quantitative spectral analysis of the RXES data yields that the mixed
valence ratio increases exponentially with increasing density to around 0.2 at 100 GPa [6]
- a value comparable to that of y-Ce at the ambient pressure [12].

C Ly X-ray Emission Spectroscopy (XES)

An important question regarding the correlation-driven transitions in /-electron
metals is whether the local magnetic moment of/-electrons is quenched {i.e., Mott
transition) or screened out (Kondo-like models) in the itinerant phase. The existing
experimental data is inconclusive in this aspect, even in the most extensively studied Ce
at the ambient pressure. For example, the low temperature a(fcc)-Ce phase has long been
thought of an itinerant phase, because of its weak temperature dependent magnetic
susceptibility which suggests a Pauli paramagnet [13]. However, in recent years, there
has been an increasing number of experimental evidences showing strong electron
correlation in this phase [12,14].

The information regarding the local magnetic moment of/-electrons can be obtained
by x-ray emission spectroscopy (XES) which probes the coupling between a core-hole
and spin-localized electrons, as demonstrated in many lanthanide compounds and 3d-
magnetic transition metal monoxides (TMO) such as MnO [7] and Fe2O3 [15]. The
electrostatic interactions between the 4d (or 2p) core-hole and the 4/(or 3d) electrons are
so large in lanthanide compounds (or TMO) that give rise to well-separated satellite
structures, as shown in Fig. 5. Therefore, the detailed satellite structure offers the
information of the spin polarization; to a first approximation, the energy separation AE =
J/(2S+1) and the branching ratio 171 = S/(S+1), where J and S are, respectively, the
exchange integral and the spin angular momentum [16].
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Important to note is that XES probes a core-hole-electron transition that occurs very
fast (in ~fs) and, thus, provides a snap shot of the local moment in both para- and ferro-
magnetic materials. Therefore, XES is capable of probing the local /-electron moment
even under a dynamically screened situation, so as to reveal if the expected Pauli-like
susceptibility is originated from quenched or simply screened out/-electron moments at
high pressures. In this regard, the XESpressures
experiments complement the magnetic
susceptibility and x-ray circular dichroism
measurements, both of which measure a
slow process of spin polarization and thus
largely an ordered moment in
ferromagnetic solids.

Figure 5 shows the Lyi XES in Gd,
corresponding to the core-hole decay from
the 2p —> 4d, at high pressures. Clearly, the
pressure dependence shows no apparent
change in the XES spectra and thus no
local moment change in Gd to 106 GPa-
well beyond the volume collapse transition
-60 GPa. This behavior of XES in Gd is in
contrast to nearly complete loss of 3d
moments of Mn and Fe in TMO across the
Mott transition [7,14], but is consistent
with the observed /-electron hybridization
in Gd as well as Ce [12,14].

Gadolinium Lr

7780 7800
Energy («V)

Figure 5. Lyi XES of Gd at 4, 65, and 106
GPa, normalized to the main peak
intensity, showing no apparent change in
the Lf] satellite peak intensity, suggesting
no changes in the 4f moments up to 106
GPa.

SUMMARY

The present XAS, both the Lm and Mm-edges of Gd suggests significant/-electron
delocalization to occur at high pressures which causes increasing fluctuations away from
the sharp f character of the localized limit. The degree of hybridization can be
quantitatively probed by RXES even at pressures over 100 GPa, suggesting that the/-
electrons of the high-pressure Gd phases (well above the volume collapse transition) are
still highly correlated. This result is, in turn, consistent with the recent experimental
evidence of strong electron correlation in the cc-Ce phase [12,14]. As seen here for / Gd,
this process is prolonged and continuous as a function of volume. This suggests that the
volume collapse transition is only part of the phenomenon and acts to accelerate the
delocalization. The present XES results suggest that the bare 4f moment persists across
the collapse transition in Gd so that any loss of temperature dependence in the magnetic
susceptibility must then arise from Kondo-like screening of the moments.

The present study shows that a combined information of various synchrotron x-ray
spectroscopies offers new ways to study electronic phase transitions in/-electron metals
at high pressures. The example was shown in rare-earth metals, specifically Gd, yet the
methods applied/developed in this study is equally well suitable for high-pressure studies
of actinides, of which no electronic data is available and future studies should emphasize.
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