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Pressure Effects on the 4f Electronic Structure of Light Lanthanides
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Using the satellite structure of the Ly, line in nonresonant x-ray emission spectra, we probe the high-
pressure evolution of the bare 4f signature of the early light lanthanides at ambient temperature. For Ce and
Pr the satellite peak experiences a sudden reduction concurrent with their respective volume collapse (VC)
transitions. These new experimental results are supported by calculations using state-of-the-art extended
atomic structure codes for Ce and Pr, and also for Nd, which does not exhibit a VC. Our work suggests that
changes to the 4f occupation are more consistently associated with evolution of the satellite than is the
reduction of the 4/ moment. Indeed, we show that in the case of Ce, mixing of a higher atomic angular
momentum state, driven by the increased hybridization, acts to obscure the expected satellite reduction.
These measurements emphasize the importance of a unified study of a full set of microscopic observables
to obtain the most discerning test of the underlying, fundamental f-electron phenomena at high pressures.
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Introduction.—The physics and chemistry of lanthanides
is of critical importance to fields from catalysis [1-3],
separations chemistry of nuclear waste [4], to cuprate
superconductivity [5,6] and bioscience [7,8]. Despite a
rich history, theoretical treatment of these materials remains
a fundamental challenge. The difficulty stems primarily
from the underlying nature of f-electron states. In materials
with partially filled f shells, the electrons occupy narrow
strongly correlated energy bands. The resulting electronic
interactions exist between the well-understood atomic and
uncorrelated band limits and are responsible for a veritable
700 of exotic behaviors: metal-to-insulator transitions [9],
superconductivity [10], hidden orderings [11], etc.

A primary example of the challenges in modeling
emergent f-electron phenomena is the volume collapse
(VO): at high pressures several lanthanides undergo a first-
order phase transition that results in large changes to lattice
constants and resistivity [12,13]. After the discovery of
this phenomenon in Ce [14-16], attention focused on
differentiating the Hubbard-Mott (HM) [17,18] picture,
which considers the increasing interatomic overlap of 4f
orbitals with pressure, and the Kondo volume collapse
(KVC) [19-24] scenario, where the screening of the 4f
electrons by broad conduction bands is paramount.

While both HM and KVC theories have had notable
successes for Ce, predicting macroscopic observables such
as the Ce equation of state [25,26], they are distinguished by
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contrasting expectations for the behavior of a foundational
microscopic observable: the presence of a 4f localized
electron and related properties such as the magnetic moment.
Upon crossing the VC transition, the complete 4 f itinerancy
predicted by the HM model necessarily extinguishes the 4 f
moment, whereas the hybridization, leading to increased f
screening, of the KVC anticipates smaller effects. A signifi-
cant step forward was the recognition of similarities, e.g, in
the evolution with pressure of the density of states, between
the two viewpoints [23,27].

Motivated by these observations, Lipp et al. presented a
study of the pressure evolution of the Ly, (4ds/, = 2py,2)
nonresonant x-ray emission spectra (NXES) for metallic Ce
across its VC [28]. Analogous to the Kp' feature in
3d-transition metal NXES, the Ly, line exhibits a lower-
energy satellite feature, Ly, arising from (4f,4d)
exchange. As a result, the emission intensity is highly
sensitive to the presence of a 4f electron, raising several
fundamental unresolved questions concerning the relative
importance of the f occupancy and the moment in the
evolution of the Ly} satellite.

Here we report an extension of the work of Lipp et al.
to La, Pr, and Nd trivalent metals which lends further
insight into the simultaneous occupation, moment, satellite
evolution with hybridization. Specifically, we compare
the volume-collapsed NXES data to predictions made
by advanced atomic calculations, employing density
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FIG. 1. (a) Experimental Ly, spectra normalized to peak
intensity. A nonbroadening, third-order Savitzky-Golay smooth-
ing filter of 5-eV window is applied to each spectrum. For clarity,
each element has been offset by 0.1. Also shown is the highest
pressure data subtracted from the lowest pressure data for each
element (shaded green). (b) Experimental intensity of the Ly}
satellite calculated relative to the main Ly, peak. For Ce, Pr, and
Nd the intensities have been normalized to the largest value below
the transition for each sample in order to reduce the effects of run-
to-run variations. La, which has negligible Ly| intensity, is left
unnormalized. The solid black lines are guides for the eye.

functional theory (DFT)-determined values for the hybridi-
zation. The chief conclusion of this Letter is that it is the 4 f
occupation, rather than the moment, which more consis-
tently tracks the intensity of the Ly satellite. This opens the
door to interpretation of NXES spectroscopy of these
materials in which the 4 f occupation plays a more central
role.

Experimental results.—We present the measured Ly,
NXES spectra as a function of pressure for La, Ce, Pr, and
Nd in Fig. 1. For clarity, the data in Fig. 1(a) have been
smoothed using a nonbroadening third-order Savitzky-
Golay filter with a 5 eV window (comparable to the
lifetime-limited resolution of 3.7-4.0 eV) and normalized
to peak intensity. Raw data (without smoothing) is used in
Fig. 2 and the analysis below. Also shown is the highest
pressure data subtracted from lowest pressure for each
element, to highlight the influence of pressure on the
spectral shape. In Fig. 1(b) we present a quantitative
extraction of the relative Ly intensities. While comparison
to La is a useful diagnostic for Ce, as shown above, it does
not work well for Pr and Nd where the differences in the
multiplet structure of the Ly, peak prevent a direct cross
evaluation. Instead, we fit the spectrum to a sum of
Lorentzians: one to model the contribution from the main
peak in the satellite region and the others (two for Pr and
three for Nd) to fit the Ly peak proper. This procedure has
previously been used for Ce NXES [28]. The results shown
in Fig. 1(b) reflect the spectral weight of the shoulder

relative to the main peak. For Ce, Pr, and Nd these results
have been normalized to the largest intensity below the
transition for each sample to eliminate small run-to-run
variations due to differences in spectrometer tune-up that
would otherwise prevent direct comparison.

La, which was found to have constant, negligible satellite
intensity at all pressures, is left unnormalized. Nd is similarly
found to have negligible variation even during the minor
change in spectral shape upon the fcc to distorted-fcc
transition at 18.0 GPa discussed below. Further measure-
ments are required to determine if Nd eventually undergoes
Ly! reduction, similar to Ce and Pr, upon reaching its
delocalized a — U phase at ~100 GPa [29]. Before inter-
preting these results, however, some brief context is needed
on known behavior of the light lanthanides under pressure
and on the underlying physics of the Ly; NXES spectra.

First, under pressure the lanthanide crystal structures
initially pass through several high-symmetry transforma-
tions of different stacking sequences of close-packed
layers, later transitioning to low-symmetry early-actinide-
like phases indicative of f-electron bonding [30-32]. While
in Pr this transition is accompanied with a large VC (~10%)
[33-37], Nd reaches its low-symmetry o — U structure
entirely through smooth transformations [29]. Hence, Nd
does not exhibit a VC transition. Ce is a unique case as it
experiences an isostructural (fcc) VC (15%), unassociated
with the high-to-low symmetry transition. For this reason
its VC is thought to be primarily electronically driven.

Second, as demonstrated by Lipp et al. [28], NXES
provides a sensitive measure of the evolution of intrinsic 4 f
signatures in Ce. In Ly; NXES a high-energy photon, tuned
well above the L,(2p ) edge, promotes a 2p electron into
the continuum. The resulting core-level vacancy is unstable
and may be filled by a 4d3, electron accompanied by either
photon emission (Ly; x-ray fluorescence) or Auger electron
ejection. When the lanthanide species has a nonzero 4f
occupancy, a low-energy satellite (Ly)) appears below the
main Ly, fluorescence peak due to intra-atomic exchange
between 4f and 4d orbitals [38]. The relative intensity
and position of the Ly| shoulder reflects the strength
of the coupling and is directly sensitive to the 4 f properties
[39,40].

These observations give rise to a fundamental question:
To what extent is the evolution of the satellite a probe of the
bare moment or of the occupation? This question comple-
ments the well-considered debate concerning whether the
VC itself is associated with destruction of the bare moment
or its screening. Of course, the moment is linked to the
occupation, so the answer is expected to be intertwined. In
the theoretical work to follow we will compute the satellite
peak, occupation, and bare moment as functions of
hybridization (pressure) to lend insight into these issues.

With these details in mind, we return to Fig. 1. First, note
that the La Ly; NXES spectra show no Ly exchange peak
up to 64.0 3.0 GPa, beyond the reentrant fcc phase
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FIG. 2. The shoulder peak (satellite) region of the experimental and calculated x-ray emission spectra for light lanthanide metals. The
red (blue) curves in (a) for Ce and (b) for Pr are at low (high) pressure. In the theory spectra, low pressure is modeled using parameters at
P = 0 GPa, and the blue curves are obtained using high-pressure parameters (4.77 GPa for Ce and 62 GPa for Pr). The yellow curves in
(a) are results of lanthanum for a zero shoulder peak reference. (c) The Nd Ly, spectra do not change with pressure up to 43 GPa. Here,
experimental and theoretical results are shown as orange and purple, respectively. The calculated spectra are shifted by +0.1. Insets show
the full Ly, spectra. The vertical black lines are the calculated transition probabilities before broadening at zero pressure.

starting at 60 GPa [41], indicating no change from its
nominally 4f° configuration. This null result indicates that
the changes observed in Ce, Pr, and Nd Ly peaks are
physically meaningful. That being said, La does display an
apparent broadening of the main Ly; peak (on the order of
~0.5 eV) with increased pressure. We propose that this
effect is due to increased splitting in the multiplet structure
underlying the Ly, peak. The changing spectral shape
therefore likely contains valuable information on the
evolving 4d-electron interactions [42] and thus merits
future theoretical consideration.

Second, in contrast to La (4f°), Ce and Pr, which are
nominally 4f! and 42 at ambient conditions, exhibit large
and sudden decreases in Ly intensity concurrent with the
VC transitions (0.9 and 20.0 GPa, respectively). Taken
naively, this result could be used as evidence in support of
the HM model as described above. However, it must be
noted that although the increased 4f — 5d hybridization
predicted by KVC invariably mixes the 4f electrons out of
their native orbitals, leading to deviations from the ground
state electronic configuration, the hybridization causes a
rise in the f"*! configuration weights at the expense of the
sharp, low-pressure f” configuration. Indeed, this phe-
nomenon has already been experimentally observed in
resonant inelastic x-ray scattering measurements for both

Ce and Pr [43,44]. As each configuration carries its own
moment, such variations would necessarily modulate the
Ly feature.

This potentially ambiguous result can be clarified by
comparison to La, for which there is a true zero 4f
occupancy. The f-electron signature, Fig. 2(a), while
reduced, does not fully vanish in the collapsed-phase Ce
spectrum, inconsistent with a complete Mott delocalization.
Pr NXES, which has a broader main Ly, peak than Ce, does
not lend itself to a direct La comparison. The persistence of
its 4f hallmark will be demonstrated below.

Nd, which is not subject to any large VC transition,
shows a minor change in the Ly} peak (Fig. 1). There is a
shift in Ly} to a slightly higher energy (~0.3 eV) con-
comitant with a transition from a fcc to a distorted-fcc
structure at ~18.0 GPa [29,45]. As the 4 f electrons are still
localized at this pressure, the observed shift is likely due to
subtle changes in the relative positioning and subsequent
electron transfer between conduction subbands which are
known to occur during the high-symmetry transformations
[46]. As will be shown shortly, however, the normalized
amplitude of the Ly} peak is unchanged during this shift.
We note that this change is not associated with any known
delocalization transition; for example, prior diffraction
and electrical resistivity measurements suggest that 4f
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delocalization in Nd occurs gradually beginning only at
100 GPa [46].

Theoretical predictions and results.—To this point we
have made qualitative arguments regarding the pressure
dependence of the Ly shoulder. We now supplement this
with a theoretical treatment. In the Kramers-Heisenberg
formalism, the NXES intensity is [47,48]

1, () Z

J

3 GITi) (ild.|g) | ()

; EJ—EZ—CU—IFI ’

where 7' is the dipole operator for 4d — 2p transitions, d.,
is the annihilation operator of the core electron, @ is the
energy of emission, and |g), |i), and |j) are the ground,
intermediate, and final states, respectively, with energies
E,, E;. and E;. To account for finite temperature, Eq. (1) is
modified assuming a Boltzmann distribution:

([(@)y = e M (w)/y e (2)

g

where 7T is the working temperature (300 K in the analysis
below) and k is the Boltzmann constant.

The electron states are determined by diagonalizing a
Hamiltonian combining a single impurity Anderson model
[48,49] with interactions accounting for multiplet terms.
The pressure-dependent hybridization V is calculated by a
first-principles approach [50]. In Fig. 2, we present the
results of these calculations compared to the experimental
data. It must be noted that in the theoretical results, the
atomic multiplet features composing the Ly} satellite are
sharper than they appear in experiment. This is a conse-
quence of using only five discrete conduction orbitals in
place of the true, broad 5d band for hybridization. Such an
approximation is necessary to ensure reasonable compu-
tation time. Nevertheless, it is clearly demonstrated that the
steplike decrease in Ly} intensity observed in Ce and Pr
concomitant with VC is consistent with a sudden increase
of 4f-conduction band hybridization as predicted by the
KVC model.

The physical observables are calculated by

e Bl (glAlg)
- de—E_,,/kT ’

Ar

(3)

where A = 1y = Zya;’aaf.y for obtaining the 4f occupa-
tion number and A = J? for the local 4f moment. The
values are normalized to zero pressure, as shown in Fig. 3.
The results demonstrate that both 4f occupancy and Ly
intensity decrease as pressure goes up, with the Ly}
intensity doing so at a slightly faster rate. The important
point, however, is that a persistent Ly} feature is indicative
of continued 4f localization.
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FIG. 3. The calculated bare magnetic moments ((J2)), 4f
occupation numbers (ns), and shoulder peak intensities (L)
at various pressures for cerium and praseodymium. All quantities
are normalized to their zero-pressure value.

The local moment (J?) behavior is more complicated,
since it depends on not only the 4 f occupancy but also the
occupancy of each j level. Taking Ce first, there are j =
5/2 and j=7/2 states with spin-orbit coupling. The
occupancy of the levels will be a function of the 4f
on-site energy, €y, and the hybridization V, as shown in
Appendix A of Ref. [61]. In the V = 0 limit, the system
follows Hund’s rule and only j=5/2 ({(J?) = 8.75) is
occupied. As V turns on, the occupancy of j = 7/2 will
grow, and the ratio (n7,,/n,) depends on €;: When ¢, is
deep in the valence band, the ratio is small, so (J?)
decreases as ny ~ ns/, decreases with rising V; in the other
limit, when n;,, /n, reaches 8/14 at large V, (J?) increases
as V goes up [62]. For Ce, (J?), Fig. 3 (bottom), the effects
from decreasing n, and increasing n;,,/n; compensate
each other. (J?) stays almost constant as pressure goes up.
Reference [28] reached a similar conclusion concerning the
more paramount importance of n; in tracking the satellite
peak, ascribing the (somewhat larger) change reported there
in (J?) mostly to the change in occupation, so that the latter
is more fundamental. Our conclusions are even somewhat
stronger in implicating the occupation, since (J?) is almost
completely stable.

Figure 3 (top) similarly emphasizes that an abrupt
change in 4f occupation also occurs through the Pr VC
transition, concomitant with the satellite peak evolution.
(J?) is also reduced. This is in contrast to results reported
for Pr in Ref. [62]. The reason is the challenge of
considering the full set of rotationally invariant Coulomb
interactions  within dynamic mean field theory.
Reference [62] included spin-orbit coupling but only the
direct Coulomb interaction. As a result, (J?) for Pr and
even Nd behaved similarly to Ce: (J?) increases when
volume decreases, because only a higher j = 7/2 level is
mixed in the ground state as hybridization turns on. We
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include all interactions, so all multiplet states of Pr mix with
the Hund’s rule ground state when V is nonzero. In the
pressure range of our calculation, (J?) drops but retains
~80% of its ambient value across the VC transition.
Reproducing the experimental features, both Ce and Pr
Ly intensities undergo a large, sudden drop with the VC.
These reductions, however, are incomplete with ~70% and
~65% for Ce and Pr, respectively.

Conclusion.—We have presented a high-quality dataset
of high-pressure Ly; NXES useful for the characterization
of bare 4f electron evolution in the early light lanthanide
metals. These data are supported by state-of-the-art modi-
fied atomic calculations which extend previous work
performed on Ce alone to Pr and Nd. A central conclusion
concerns the evolution of the 4f occupation. There are
increasing indications that the most unified picture of
the NXES spectra for the light lanthanides and their
compounds might be provided by n, [63,64] rather than
measures of the 4f magnetism—the number of Bohr
magnetons, total angular momentum. Our calculations
provide crucial evidence of a clear relationship between
Ly intensity and 4 f-conduction band hybridization. Thus,
despite the importance of Kondo screening of the moments
in the volume collapse of Ce and Pr, the interpretation of
their NXES spectra appears also to fit in a broader, common
picture focused on 4f occupation.
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