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4 f electron delocalization and volume collapse in praseodymium metal
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We study the pressure evolution of the 4 f electrons in elemental praseodymium metal compressed through
several crystallographic phases, including the large volume-collapse transition at 20 GPa. Using resonant x-ray
emission, we directly and quantitatively measure the development of multiple electronic configurations with
differing 4 f occupation numbers, the key quantum observable related to the delocalization of the strongly
correlated 4 f electrons. These results provide a high-fidelity test of prior predictions by dynamical mean-field
theory, and support the hypothesis of a strong connection between electronic and structural degrees of freedom

at the volume-collapse transition.
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Electronic delocalization transitions are of great interest
because they denote the onset of large-scale electronic corre-
lations in materials. They occur when tightly bound, atomiclike
orbitals begin to mix with orbitals on neighboring lattice
sites. Taken to the furthest extent, these atomic orbitals would
eventually become single-electron Bloch wave functions, co-
herently mixed from site to site, and their degenerate energies
would split into bands. Between the well-understood atomic
limit and the well-understood uncorrelated band limit lie ex-
otic behaviors, including Mott metal-to-insulator transitions,’
structural volume collapses,” '® hidden orderings,!” heavy-
fermion superconductivity,'® and anomalous transport and
expansion properties.'” Unfortunately, computations cannot
treat all degrees of freedom in systems with strongly correlated
electrons, placing a premium on judicious determination of
the important degrees of freedom, their interactions, and
an appropriate quantum mechanical basis. For systems that
exhibit delocalization transitions, pressure and temperature
can be used to effectively tune the electronic correlations
while experimentally measuring quantum observables as the
correlation evolves. Such measurements may then be directly
compared to theories that treat electron correlations.

Lanthanide materials represent an ideal class of materials
for this task. Light rare-earth metals exhibit pressure-driven
volume collapses attributable to f electron delocalization.
Most notable are the elemental metals, Ce, Pr, and Gd. In
the vicinity of these phase transitions, the 4 f electrons take
on highly correlated, nonatomic character, making them dis-
cordant with many theoretical treatments. Their behavior has
been approached by using impurity models,?” by considering
static approximations to electron correlation effects on a real
lattice,?""*> and recently by a fully dynamical treatment of
correlations in the lattice using dynamical mean-field theory
(DMFT) combined with density functional theory (DFT).2324
DMFT, which is widely considered to be state of the art,
offers explicit, testable predictions of the phonon density of
states,? electron coherence,® and electron occupancy number
and weightings as a function of pressure.?* One technique that
can directly test DMFT treatments of electron correlations is
resonant x-ray emission spectroscopy (RXES). In this process,
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the incident photon energy is chosen to coincide with one of
the atomic x-ray absorption edges of the system, enhancing the
inelastic scattering cross section. A core hole is made, which is
quickly filled by a decaying electron that emits a photon. The
emitted photons yield detailed information on the electronic
structure of correlated materials, as in the case of the L edge
of rare-earth materials, where the 4 f electron occupancy as
a function of pressure is revealed.>*?”-?% Such results can be
directly compared to DMFT predictions, making a powerful
connection between experiment and theory.

The rare-earth metal Pr makes a compelling test case. It
exhibits the symmetry evolution dhcp — fcc — distorted-fcc
— orthorhombic with a large (~10%) volume-collapse at
the distorted-fcc — orthorhombic transformation at 20 GPa.’
Through this evolution, the 4 f electrons go from localized
in the low-pressure phases to delocalized in the high-pressure
orthorhombic phase, which is the same as a-U—a structure
widely agreed on as the prototypical crystal structure of f
electron materials with one to three delocalized f states.”’
Thus, the structural signature of crossing a localized-
delocalized transition is present. However, previous measure-
ments question this interpretation: No change was observed
in the L3-edge x-ray absorption spectroscopy (XAS) profile
through the volume-collapse transition. This would indicate
either an f-count-insensitive delocalization or no delocal-
ization of the f electrons at all.** Such conclusions would
be in stark contrast to predictions by DMFT, and would be
inconsistent with high-pressure resistance measurements that
imply at least a partial delocalization of the 4 f electrons.?'3
This inconsistency demands further investigation.

Here, we go beyond XAS, and present an Lo RXES
determination of 4 f electron occupancy as a function of
pressure in Pr metal. The RXES measurement should be
more sensitive than conventional XAS to changes in electron
occupancy because conventional XAS is subject to a rather
large broadening (~3 eV) due to the short lifetime of the
2p3,» core hole. Furthermore, this experiment offers a direct,
high-fidelity test for 4 f delocalization and DMFT predictions.
By comparing over a fine grid of pressures spanning from
7 to 32 GPa, our results strongly support DMFT treatment
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FIG. 1. (Color online) (a) The low-pressure (4.5 GPa) L3 x-ray
absorption edge of elemental Pr. (b) RXES spectra (at various incident
energies) from Pr at 7.5 GPa as a function of emitted photon energy.
The vertical line is centered on the nonresonant x-ray emission
feature. Spectral features corresponding to well-resolved final states
of 4 f2 and 4 £ occupancy are labeled. (c) Identical data to that of (b),
but set on an energy scale that is constant for features corresponding
to a fixed final state. Spectra in (b) and (c) are normalized and offset
for clarity of presentation.

of electron correlation across the 4 f localization transition,
putting the theory on firm experimental ground.

All RXES measurements were performed at sector 16 of
the Advanced Photon Source. Pr Lo RXES spectra were taken
using a dispersive, miniature x-ray spectrometer using several
flat Ge (331) Bragg analyzers.>**° Incident energies were
varied around the excitation energy for the 2p;3,, electrons,
ranging from 5950 to 6040 eV. The net experimental energy
resolution, including effects of the incident beam bandwidth,
was ~1.3 eV. The incident energy calibration was monitored
via x-ray absorption through a Cr foil and found to be steady.
Samples were pressurized using diamond anvil cells (DAC)
with Be gaskets. Because Pr is highly reactive, DAC loading
was conducted in a glove box under dry N, gas, and Ne
was loaded as a pressure-transmitting medium. This loading
process was tested by L3-edge x-ray absorption at sector 20 of
the Advanced Photon Source, and it was seen to yield Pr metal.
The focused incident x-ray beam, approximately 30 x 50 pm,
was fired through the gasket, and the resulting fluorescence
photons escaped through the gasket as well.

The Pr Lo RXES spectra for various incident x-ray energy
(Ep) are shown in Figs. 1(b) and 1(c), at a pressure of
7.5 GPa. For reference, the x-ray absorption spectrum of
Pr at 4.5 GPa is also shown in Fig. 1(a). In Fig. 1(b), the
spectra are displayed as a function of emitted photon energy
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(Eem), while in Fig. 1(c), the same spectra are shown as a
function of the energy difference E.,—Ey. This latter energy
scale can be thought of as the energy transferred to the sample
after the excitation and emission process (a larger negative
number denotes a greater energy transfer). In Fig. 1(b), we
note two well-separated features with diagonal lines. These
correspond to the quantum mechanical weighting of the ground
state in terms of atomic configurations with two and three
4f electrons, respectively.#?7?836 Consequently, we label
and refer to these features as “4 f2” and “4 f3” in analogy
to this earlier work. It is straightforward to describe the
basic sensitivity of 2p RXES to 4 f occupancy. Consider a
system with a ground state described as a superposition of
atomiclike states with differing 4 f occupancies. After the
initial photon is absorbed, the intermediate state excitation
is shorter lived than the characteristic fluctuation time for 4 f
occupation, which enforces a fixed 4 f count. Different 4 f
counts have different nuclear screening and thus affect the
energy transferred to the system in its final state—i.e., after
the intermediate state decays by emitting a photon (3d — 2p).
These variations in final state energy are visible as shifted
(and superimposed) x-ray emission lines, and so the relative
intensities of the emission lines correspond to the relative
quantum mechanical weightings of the different f occupancy.
This heuristic description has been put on firm footing using
impurity model calculations.*

Since there may be mixing between different occupancies
in the intermediate and final states, the precise correspondence
between feature intensity and occupancy weighting would
require a detailed calculation. Here we make the simplifying
assumption that the correspondence is linear through the
small range (10%-30%) of 4f3 weight we observe, with
the constant of proportionality determined by the experiment.
Precise accounts of the relationship between spectral feature
size and f occupancy show mild nonlinearities on the scale of
interest,’” meaning some mild systematic deviation is possible,
and detailing this would be a welcome avenue for future
theoretical work.

One subtlety remains: To accurately measure the 4f
electron occupation, an appropriate incident energy must be
chosen. This is because the heuristic description proffered
above breaks down as the excited photoelectron begins ex-
ploring states that are less strongly localized. Again, consider
Fig. 1(b): At low incident energies the spectra consist of clear
and largely unchanging double-peaked excitation structures,
indicative of a pair of well-resolved final states. The x-ray
emission energies of these peaks shift with the incident x-ray
energy (so-called “Raman” shifting), because for fixed final
states, the energy transferred to the system must remain
constant.”’ The energy scale utilized in Fig 1(c) now becomes
quite useful, because it aligns these Raman-shifting features
vertically. At around Ey = 5960 eV, the higher-energy feature
begins to deviate from the expected Raman shift, so the
energy transferred to the system after deexcitation is no longer
constant. This indicates a somewhat uncorrelated excited
photoelectron, able to take on excess kinetic energy and alter
the total energy transferred to the sample. This understanding
is further supported by Fig. 1(b), which shows that at Ey =
5962 eV the higher-energy line emits photons precisely at the
nonresonant emission energy, meaning the feature dispersion
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FIG. 2. (Color online) (a) RXES spectrum as a function of
pressure taken at Ey = 5958 eV. The inset displays the deconvolution
procedure at 7.5 GPa. (b) RXES spectra taken at £y = 5962 eV. Note
the smaller feature separation, signifying that the simple connection
to 4 f occupancy is invalid, as we discuss in the text. The spectra in
(a) and (b) are offset and presented in energy units relative to the main
line of the spectrum. Both of these are for clarity of presentation.

changes precisely at the onset of the “fluorescence” regime.?’
The conclusion is that at Ey = 5962 eV, while the line with
emission energy E., = 5035 eV may have a component
that comes from the desired localized final state, it also has
another component that is from a final state containing an
extended photoelectron. This resonance could also be further
contaminated by interference effects between the two relevant
intermediate channels, resulting in a mixture of undetermined
4% and 4 f3 character.

Keeping the difficulties expected for the spectra taken at
5962 eV in mind, in Fig. 2 we present the Pr La RXES
spectrum as a function of pressure from 7.5 to 32 GPa. Each
spectrum is normalized to have equivalent intensity at the peak.
To emphasize the evolution of the RXES line shape, rather than
relative motion of bands or other effects, we present our results
shifted to a common energy scale where the 4 f? features are
aligned. In Fig. 2(a), with incident energy Ey = 5958 eV, two
well-separated features are visible (occurring at ~5024 and
~5031 eV).

Visual examination of Fig. 2(a) already establishes a main
qualitative result of this work: the observation of discontinuity
in the electronic-state evolution through the volume-collapse.
At 7.5 GPa in Fig. 2(a) the 4 f? peak is clearly dominant,
while at 32 GPa the two peaks are much closer in intensity.
Between these two pressures the intensities vary due to the
change in electron occupancy weightings. While the variation
up to 21 GPa is subtle and continuous, the final three spectra
taken at 23, 26, and 32 GPa are clearly of different character
than the lower-pressure spectra. This discontinuity can be
quantified, though the nontrivial line shape of the features
and the noise level of the data do complicate the fitting
routine for the data at 5958 eV. The general program is to
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FIG. 3. (Color online) Comparison of experimental and theoreti-
cal4 f3 to 4 f2 occupancy ratios as a function of pressure for Pr metal.
The square data points (blue) are derived from deconvolution of the
RXES spectra at Ey = 5958 eV, and compare favorably to theory. The
round data points (red) come from the ratio of the A and B features in
the Ey = 5962 eV data and are expected to disagree with predictions,
as is shown here. The high-pressure deviation between the 5958 eV
data and theory and the 1 GPa shift of the theory are explained in the
text. Eyp = 5962 eV data are offset for clarity.

extract the 4 f2 and 4 f3 feature integral intensities and take
their ratio. To do so, three Gaussian forms were fit to the
7.5 GPa data (two for the 4 f? feature and a single Gaussian
for the 4 f3). The low-pressure fit to the 4 f? feature was then
subtracted from each higher-pressure data set, and the residual
was integrated in the neighborhood of the 4 f3 feature. The
low-pressure fit to the 4 f2 feature fits the higher-pressure
data very well, as judged by the residuals. For comparison,
an identical procedure was applied to the data taken at Ey =
5962 eV [Fig. 1(c)], where the onset of the fluorescence regime
is expected to make the connection between spectral weight
and 4 f occupancy problematic. Uncertainties were estimated
for the Ey = 5962 eV by comparing the results of this fitting
procedure to those obtained from fitting independent Gaussian
forms to spectra at all pressures. This estimate also formed
the basis for the uncertainty in the £y = 5958 eV fit results,
though to improve the estimate it was combined through error
propagation with an uncertainty derived from the higher noise
level in these data.

The extracted peak intensity ratios are displayed in Fig. 3,
shown as functions of pressure and superimposed against the
crystallographic phases of Pr. Here, we present results derived
from measurements at both incident energies, to emphasize
that selecting the wrong incident energy gives misleading
results. The most important data in this plot are the measure-
ments of the 4 3 to 4 £ ratio, which we compare directly to
DMEFT predictions. These data are derived from the emission
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spectra taken at Ey = 5958 eV, and they are shown as square
markers with associated error bars. The solid curve is the
ratio of occupancy weightings as predicted by DMFT.?* The
DMEFT results have been presented in terms of pressure, instead
of their native description as a function of unit cell volume,
by use of published data on the Pr equation of state.® We
compare the experiment to theory using a single multiplicative
scale factor, which is tantamount to the assumption of a linear
relation between f electron configuration weight and feature
size, as discussed above. Doing so, we find strong agreement,
including a clear step in the f electron occupancy weightings
due to the volume-collapse. For contrast, the circular data
markers show the pressure evolution of the integrated intensity
ratio from the spectra taken at Ey = 5962 eV. Here, the
inclusion of final states with an uncorrelated photoelectron
complicates the connection between measured intensities and
configuration weightings, causing the observed disagreement
between the calculation and the Ey = 5962 eV results.

Even for the results at £y = 5958 eV, there are some ob-
servable differences that should be discussed between the ex-
perimentally measured 4 f occupation ratio and the predicted
ratio in Fig. 3. First, the transition—and hence the step in 4 f
occupancy—is expected at 20 GPa, but appears at ~21 GPa.
Sluggishness in this transition would be a consequence of
metastability and has been observed before,’ but the apparent
late onset of the transition could also be due to the fact that the
volume probed by the x-ray beam is on the outermost portion
of the sample near the gasket. One would therefore expect
the pressure at the beam spot to be somewhat lower than that
indicated by the ruby monitors, which were farther inside the
gasket hole. To account for this and clarify presentation, the
DMEFT prediction was shifted everywhere by 1 GPa, as noted in
the figure. For the same reason, the dividing line between Pr 111
and Pr1V is indicated as a band between 20 and 21 GPa, while
in theory this should be a sharp line just under 20 GPa. This is a
purely experimental issue. Second, above the volume-collapse
pressure, the theory may overestimate the amount of 4 f3
character in the electronic ground state. This overestimate is
expected because the particular DMFT calculation featured
here forced a zero weighting of configurations with more
than three 4 f electrons.”> Because of the higher degree of
delocalization, the 4 f* and higher configurations will in reality
become occupied at high pressure, which the calculation
mistakenly counts as 4 f* weight. Therefore, ignoring these
higher occupancies gives a spuriously high 4 3 configuration
weight above the volume-collapse, driving the calculated 4 f>
to 4 £2 ratio up at highest pressure.
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Structural transformations, especially large volume
changes, are thought to be intimately tied to abrupt changes
in the electronic structure. This has been seen for martensitic
transformations>® and Ce-based materials.?® However, as a rule
for f electron systems, this hypothesis is contentious. Previous
work on Pr metal seemed to suggest totally inert 4 f electron
behavior,*® which would imply a very different mechanism for
the Pr volume-collapse. Furthermore in elemental Am metal,
experiment and theory (in this case, DFT) have both supported
unchanging 5f count up to 23 GPa—even through four
phases with varying f electron localization (Am I-IV)**#! —in
contrast to the DMFT prediction of a developing admixture of
f7 and f9 states.”

In this uncertain context, the work presented here demon-
strates the intimate connection between the 4f electronic
structure and the volume-collapse using a fine mesh of data
points across a pressure-driven transformation, validating the
4 f delocalization as described in the DMFT picture. Our
data monitor the 4 f states while they make the transition
from localized and nonbonding to delocalized and bonding,
focusing on the regime of strong electron correlations. Pr is
an important test case, since the evolution from fcc into a
complex, lower-symmetry structure is a general motif in rare-
earth systems and has been tied to 4 f delocalization.*> While
the question of generality of 4 f delocalization at the volume-
collapse in the rare earths remains open, the present results will
both motivate further studies and also serve as an important
anchor in future discussions of 4 f and 5 f delocalization.
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