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ABSTRACT: Understanding the volume collapse phenomena in rare-earth materials remains an
important challenge, due to a lack of information on 4f electronic structures at different pressures.
Here, we report the first high-pressure inelastic x-ray scattering measurement on elemental cerium
(Ce) metal. By overcoming the ultralow signal issue in the x-ray measurement at Ce Ny s-edge, we
observe the changes of unoccupied 4f states across the volume collapse transition around 0.8 GPa.
To help resolve the longstanding debate on the Anderson-Kondo and Mott-Hubbard models, we
further compare the experiments with extended multiplet calculations that treat both screening
channels on equal footing. The results indicate that a modest change in the 4/-5d Kondo coupling
can well describe the spectral redistribution across the volume collapse, whereas the hybridization
between neighboring atoms in the Hubbard model appears to play a minor role. Our study helps to
constrain the theoretical models and opens a promising new route for systematic investigation of

volume collapse phenomena in rare-earth materials.
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The unique electronic features of 4f electrons in rare-earth metals or the lanthanides have

attracted much attention in recent years because of their wide ranges of potential applications '~.

Intriguingly, a number of lanthanide metals exhibit complex volume collapse transitions under

high pressure, which is commonly associated with delocalization of the 4f electrons *~. Pressure
can enhance the screening of f electrons and effectively reduce electron correlation effects,
eventually leading to a more itinerant and non-magnetic state that favors a smaller volume.

Theoretically, two scenarios for f'electron delocalization under pressure have been proposed: the

Mott-Hubbard model ° and the Anderson-Kondo model "*. The Mott-Hubbard model suggests that
4f electrons are more localized at individual Ce sites in the low-pressure y phase, while in the high-
pressure a phase they form delocalized bands due to enhanced hybridization between Ce atoms.
Magnetic states emerge only in the low-pressure phase because of electron interaction effects. In
the Anderson-Kondo model, the localized electrons are associated with 4f orbitals, and the itinerant
ones are related to conduction bands of mostly 6s5d character. In the low-pressure phase, the
hybridization between localized and conduction states is small, rendering robust local moments
and magnetic order. In the high-pressure phase, the local moments become screened by delocalized
electrons, forming non-magnetic Kondo singlets. Despite extensive studies, the microscopic origin

. . . -11
of the screening mechanism remains a heated debate *"'.

In the past decade, synchrotron core-level spectroscopies have been employed widely to
understand the properties of rare-earth metals under pressure.  For instance, in 2004 Rueff et al.

first applied L»3-edge (2p to 3d) resonant x-ray emission spectroscopy (RXES) to study cerium

(Ce) metal "

. The authors determined that the average 4f electron occupation changes from 0.97
to 0.81 across the volume collapse (at a transition pressure P;~ 0.8 GPa at room temperature), and

concluded that the transition is more consistent with the Kondo model °. Using RXES, Maddox et



al. in 2006 have reached a similar conclusion for gadolinium (Gd) °. In 2012 Lipp et al. applied
L»3-edge non-resonant x-ray emission (NXES) to study Ce and reported a 30% decrease of its spin
moment after the volume collapse. They also attributed the phase transition to the Kondo effect '°.
On the other hand, Bradley et al. in 2012 studied praseodymium (Pr) using RXES '*, and their data
can be explained by both Kondo and Mott effects '*'°. Fabbris et al. in 2013 applied x-ray
absorption (XAS) and emission spectroscopy to study Gd and terbium (Tb). They proposed that in
Tb the volume collapse originates from the Kondo effect, whereas in Gd it is of neither Kondo nor
Mott type '>'®. More recently in 2019, Chiu et al. have applied NXES to study Ce and Pr,

concluding that their volume collapse transitions both could be more closely related to Kondo

effects .

One major challenge in studying the volume collapse phenomena stems from a lack of
information on the 4f states at different pressures, as previous synchrotron spectroscopic
experiments on rare-earth metals are essentially related to d states. Since there is only a small
mixing of 4f and d states, information about the electronic structure near the Fermi level (with
mostly 4f electrons) is limited. To overcome this challenge, here we apply for the first time high-
pressure non-resonant inelastic x-ray scattering (NIXS) at the Nss-edge, which probes electron
transition from the core 4d levels to the unoccupied 4f states near the Fermi level. Our
spectroscopic measurements thereby provide invaluable information on the pressure-evolution of

4f electronic structures across the volume collapse transition.

Among the lanthanides, Ce has the simplest electronic configuration of one 4f electron, and
it also exhibits the largest pressure-induced volume reduction (~15%) in the isostructural y to a

phase transition at P,~ 0.8 GPa at room temperature '*°. Ce has been extensively studied both
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experimentally and theoretically , and the majority of the studies concluded that the itinerant



behavior of 4f electrons can be explained by increasing Kondo screening in the o phase °. However,
so far a definitive conclusion regarding the ultimate relevance of Kondo versus Mott-Hubbard
models has not been reached ****. By comparing the NIXS spectra of pure Ce metal with extended
multiplet calculations, below we show that the spectral redistribution across the y to a transition
can be accounted for by a modest change of ~ 0.5 eV in the 4f-5d Kondo coupling, in agreement

with our first-principles estimation.

Figure 1 shows a schematic diagram of the experimental setup and the geometry of the
lower energy resolution inelastic x-ray scattering (LERIX) spectrometer. In high-pressure x-ray
measurements, beryllium gaskets are usually used as x-ray windows. However, beryllium could
not be adopted in our study since its NIXS K-edge loss spectrum peaks in the energy range between
112 and 130 eV **, which overlaps with the Ce Nis-edge spectrum. Separating the signal of the
sample from the gasket background can thereby become a serious problem (see Figure S1 in
Supporting Information). To avoid this problem, we have developed a composite gasket made
from a specially designed Kapton film and cubic boron nitride (c-BN), which allows the x-ray

beam to enter and exit the sample chamber without causing a lot of background signal.

NIXS involving core-level states is typically referred to as x-ray Raman scattering (XRS).

The cross section is proportional to the dynamic structure factor
S(q, w) =Z_<f|60"‘ |1')_é" E—L—hw) (1)

where 7 and f'label respectively the initial and final states with corresponding energies £;and £,

and /Zw is the photon energy transfer during the scattering process described by the momentum

transfer ¢ *°. The scattering operator ¢ can be expanded in terms of spherical harmonics **2*,

and then the total spectral intensity can be calculated as a sum of the individual isotropic k-pole



spectrum [*(w) (see also Methods). The relative weight of each spectrum () in the total sum

k **%°. When ¢ is

depends strongly on the momentum transfer ¢ and the rank of multipole
sufficiently small, NIXS essentially measures the dipole (k = 1) spectrum identical to XAS. In our
experiments, however, the momentum transfer is between g ~ 9.64 — 10 A™', so the spectra are
mainly governed by octupole (k = 3) and triakontadipole (k = 5) transitions, with a ratio R ~7-8
between the £ = 3 and k = 5 branches *’. The ground state of a 4f' shell has orbital angular

momentum L = 3, so the maximal allowed final-state L is 6 and 8, respectively with £ =3 and 5

multipole transitions. The average peak energy will shift toward lower energy with increasing L.

Figure 2 shows the g-dependent XRS spectra collected respectively in the y phase at 0.48
GPa (below P;) and the o phase at 1.97 GPa (above P;). The pre-threshold region ranging from 101
to 115 eV is related to excitations of core-level 4d electrons onto unoccupied 4/ multiplet states.
As the system transits from the y phase to the o phase, the width of the pre-peak around 106 eV
narrows and its intensity reduces by ~27%. The pre-peak position also shifts by ~ 0.4 eV to lower
energy. Due to the strong Compton scattering occurring at smaller angle 6 between gasket and
diamond anvil cell (DAC), the signal from the sample only can be collected with four of the
analyzers situated at 20 > 150 °, which corresponds to momentum transfers ¢ = 9.64 to 10 A™' in
a vertical scattering plane. In this ¢ range, the Compton scattering from gasket ceases, and the
excitation processes in Ce are dominated by high-order multipole transitions as described before
232931 In contrast to the broad XAS spectra with dipole transition, the sharper spectral features

with higher-multipole transitions involving larger angular momentum transfer in XRS will enable

more detailed comparison between experiment and model simulation of Ce’s electronic structure.

At ambient pressure, the Ce NIXS spectra are well described by atomic multiplet

32,33 26,30,31,34

calculations extended to higher-rank multiplet transitions . To model the changes in



the spectra occurring after the volume collapse, we extend the atomic multiplet calculations by
including both Kondo and Mott screening effects. In addition to the on-site 4f and 4d spin-orbit
couplings as well as 4f-4f and 4f-4d electron-electron interactions, our model includes Kondo
coupling V between 4f electrons and the conduction bands (with mostly unfilled 5d orbitals). It
also contains the direct hybridization between f orbitals on neighboring Ce atoms in a Mott-
Hubbard model. The f-f hopping elements are calculated using Slater-Koster tables and depend on
four two-center integrals Vs Vz, Vs, V, ¥ which are parameterized as V,=t, Vz=-0.75t, Vs=0.3t,
V,=-0.05¢t7°. When the Kondo coupling ¥ and f-f hopping ¢ are both set to zero, our model reduces
to a pure atomic multiplet calculation *’, which has been utilized to model earlier ambient-pressure
NIXS data *°. Below we vary the strengths of Kondo coupling ¥ and f-f hopping ¢ in the model
Hamiltonian to simulate how different screening channels affect the NIXS spectra at high pressure.

We will focus on the pressure evolution of spectral trends and discuss the results at a semi-

quantitative level.

Figure 3 compares the theory spectra and experiments at momentum transfer g = 9.64 A™".
The V"= 0 calculation (black curve) in Figure 3a shows the main experimental features at 0.48 GPa
(blue line), with a two-peak structure at 106 and 108 eV. The higher-energy shoulder peak at ~110
eV is underestimated, potentially due to a band broadening effect that is not captured by our finite-
size cluster calculation. With increasing Kondo coupling V, the peak intensity at ~106 eV drops
accordingly. The best fit to the high-pressure experiment at 1.97 GPa is shown in Figure 3b; the
calculation employs an effective Kondo coupling V' = 0.5 eV and f-f hopping ¢ = 0. The high-
pressure experimental features (green line) are reproduced by our model calculations with
reasonably good agreement. Some theory-experiment mismatch can be attributed additionally to

the deviation in the experimental spectra upon small changes of momentum ¢ (see Figure 2b).



12,38,39

Moreover, it has been shown previously that while the ratio between singly and doubly

occupied £ orbitals of the ground state in the y phase is n(f')/n(f’ )~ 20, this ratio is likely to

decrease in the o phase, resulting in a small but noticeable contribution from the /* component.
Previous experiments and theory have indicated different degrees of f° admixture to the ground

12,38,39

state in the o phase , which is not accounted for in our calculation.

To further estimate the change in the Kondo coupling across the volume collapse, we
perform density functional theory (DFT) and Wannier-orbital calculations to extract the
hybridization parameters (see Figure 4). After the volume collapse, the Wannierization results
suggest a 4f-5d hybridization V= 0.516 eV, which is very close to our choice of /'=0.5 eV for the
high-pressure experiments. Moreover, a Kondo coupling V' = 0.5 eV in our extended multiplet
model will produce an average 4felectron occupation (nr)~ 0.83 (see Figure S2), which also agrees

9,13,39

well with previous estimation of fir) 0.8 after the volume collapse transition . While pure

DFT may be more limited in certain aspects ****'

, advanced ab initio dynamical mean field theory
(DFT+DMFT) studies **** have suggested that the Kondo mechanism can describe optical and

photoemission experiments better than a Mott picture. Our combined theoretical and experimental

NIXS studies that probe unoccupied Ce 4f orbitals appear to point to the same conclusion.

We next test if direct f~f hybridization between neighboring atoms as in a Mott-Hubbard
model could in principle account for the high-pressure spectra (see Supporting Information for
additional simulated spectra). We find that to achieve a significant effect on the spectra with f-f'
hopping, an unrealistically large value of t ~ 2 eV is needed, which is particularly unreasonable
considering that f orbitals are spatially much more confined than s, p, or d orbitals. In our DFT
Wannier-orbital calculation, the largest hopping element between neighboring f orbitals is 7(z%,2°),

which changes from 0.108 eV at ambient condition to 0.148 eV under high pressure. It describes



the overlap between z(5z°-37%) orbitals along the z-axis. Using ©(z%, z°) =5/8Vj=+5/8Vy™, we
estimate that # = 0.473 eV under high pressure, which is much smaller than the required 7 ~ 2 eV
to fit the experiment. Even if one assumes an unrealistically large f~f hopping amplitude, the

agreement between theory and experiment is in general poorer than that in the Kondo calculation
(see Figure S3). In addition, a very large ¢ alone would result in an average 4f occupatiogf gk~ 1,
which contradicts with previous high-pressure experimental findings. In general, with V'~ 0.5 —

0.55 eV, we do not find any further improvement in fitting the spectra by tuning ¢ (see Figure S4).

We also have considered other effects that might change the high-pressure spectra. First,
we have studied ligand crystal-field effects by adding finite energy splitting in the f orbitals, but
we have not found any apparent improvement on the theory-experiment agreement within a
reasonable range of parameters. This is consistent with our DFT calculations showing that the f-
orbital energy-level splitting increases only by ~0.05 eV under pressure. Second, we have
considered the effect of a finite 54 bandwidth up to 3 eV, but again have not observed any
appreciable change in the multiplet spectra. The pressure-induced 5d band broadening is at most
0.5 eV in our DFT calculations. We also note that since our model explicitly contains multiplet

interactions, these effects should not be included in DFT calculations to avoid double counting.

Finally, it is worth noting that the resulting NIXS spectra are dependent on the intensity
ratio R between the octupole (k = 3) and triakontadipole (k = 5) transitions. R scales as a square of
the ratio between the expectation values of radial £ = 3 and k£ = 5 wave functions, and R is equal
to ~7 based on Hartree-Fock calculations »’. Since Hartree-Fock approximation is known to
underestimate the extent of radial wave functions by at least 15%, here we adopt the value of R =
8 instead of 7 as directly from Ref. *’. The agreement between theory and experiment is similar

for either R value. While in principle R could further depend on pressure, our Wannier-orbital



calculations show that the radial spread of 4f wave functions changes at most by 0.5% under

compression. Therefore, a pressure-independent R as employed in our study is a valid assumption.

In conclusion, the development of multiclement XRS spectrometers has allowed, for the
first time, the probing of 4f-states in cerium under high pressure across the volume collapse
transition. A detailed experiment-theory comparison suggests that the cerium’s N4 s-edge spectral
redistribution across the isostructural transition from y to o phases can be reasonably accounted
for by the Kondo mechanism, while the role of Mott-Hubbard transition appears to be more minor.
However, a nonzero, albeit small, f~f hybridization coexisting with Kondo coupling may account
for the transition line in the experimental pressure-temperature phase diagram >. These results
have successfully benchmarked previous theories and helped to pin down cerium’s volume
collapse mechanism. Our work also opens up new opportunities for studying a wide range of
pressure-induced phenomena, including volume collapse, valence transition, and quantum critical

3

fluctuations >~’. Similar experiments and calculations for other rare-earth materials showing

volume collapse transitions will be interesting areas of future studies.
EXPERIMENTAL AND COMPUTATIONAL METHODS

Sample preparation. The sample assembly is very important to this experiment. Maximum care
was taken to avoid any cerium oxidation during the loading and measurement stages (see also
Figure S5 in the Supplementary Information). High-purity polycrystalline Ce foils with 25 pm
thickness were purchased from Goodfellow with at least 99.9% purity. The impurities level of our
sample compares well with other previous XRS experiments which used Ce foils 6 A small chip
of Ce was cut off directly from the Ce foils in silicone oil * and loaded in a panoramic type diamond
anvil cell (DAC). A pair of type la diamond anvils from Almax easyLab with 800-um culet

diameter was used for experiments. All the loading process was conducted inside an argon-filled

10



glove box with high purity Ar atmosphere (O2 < 0.1 ppm, H20 < 0.01 ppm) within several
minutes. A modified gasket made of Kapton combined with the cubic boron nitride (c-BN) was
used to maximize the x-ray access geometry and minimize the background from the gasket. The
loading process was conducted inside an argon-filled glove box. The panoramic DAC has two 40°
symmetrical side windows with 140° equatorial access to allow easy side x-ray beam transmission.
The 700 pum thick Kapton polyimide film gasket has a shape of a concentric disc of 2 mm in
diameter. The disc has a hole of 800 um in diameter filled with 70 pm thick layer of c-BN. A hole
with the diameter of 60 um was drilled at the center of the c-BN gasket to form the sample
chamber. The 20 pm thick sample was cut into a 30 x 40 x 50 um® triangle to maximize the

backscattering signals, as shown in Figure 1. Several pieces of fine-grained ruby were placed on

3,45

the sides of the sample as the pressure markers . The sample chamber was sealed at ~ 0.48 GPa

with silicone oil as the pressure medium.

Non-resonant inelastic x-ray scattering measurements. The momentum-transfer (¢) dependent
non-resonant inelastic x-ray scattering (NIXS) measurements were performed with the lower
energy resolution inelastic x-ray scattering (LERIX) * spectrometer at the X-ray Science Division
(XSD) beamline 20-ID of the Advance Photon Source, Argonne National Laboratory, using
double-bounce Si(111) monochromator with the resolution of 1.3 ¢V. The DAC was mounted on
the rotation axis of the inner of the LERIX spectrometer and oriented so that the x-rays were
incident approximately 10° to the axis of the side webs of DAC (Figure 1). The monochromatic
incident x-ray beam was focused to a 10 um X 15 um (H X V) spot which passed through gasket
in the gap between the diamond anvils in the radial orientation. The scattering NIXS signals were
collected with dispersions in the vertical plane. Spectrometer performance and operation were in

2,3,34,46

accord with previous work . In the present experiments, the LERIX instrument provided
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simultaneous measurement of S(g, w) at momentum transfers ¢ ~ 9.64 — 10.0 A™ by configuring a
4-detector (spherically-bent Si(555), from the 16th to 19th detector) array measuring. Low
momentum transfer data from the sample were covered by the strong background signals from
gasket and DAC. The experimental data were collected on a so-called inverse scanning mode,
where the analyzer crystals were kept fixed and the incident beam energy were scanned from 90
eV to 130 eV above the elastic scattering energy of 9890 eV. During measurements, samples were

always held in a flowing helium environment.
Extended atomic multiplet calculations. The full Hamiltonian describing the system is
= Hezp90-5:9 F -+ 52007 (D

Besides 4d (4f) on-site spin-orbit coupling A4¢= 1.2 eV (44y= 0.1 eV), the multiplet Hamiltonian

£ 7991-8:91ncludes 4f-4f electron-electron and 4f-4d electron-hole interactions, as well as the on-

site energy &, for 4d orbitals, chosen to match the white line of Ce N4 s-absorption edge:

Hopyzs:0 = 2ondoals Si+ eldp. bo 5y +

.. LAGH09 -,7Q0RS@T;
Z(]]/(LLI(MMI(( T L,/Z’M/?LM i/ (i T ”]4]/(LL/( %M/?LM i [/]4 JHLLK (]Md(LM/(/‘g/(M/rd (LM

2)
2)

The hopping part of the Mott-Hubbard Hamiltonian is written as

H-_= _Z(CV)]LMT]LM/({]\/ v T 4. ¢ (3)

and the Kondo Hamiltonian is
H 2007 =V ) (/M(éj(xlf(m +/A.c ) +Yy ZMfzéjvacZMM)

Here, the QN M( /ng Q/(;M ) operator creates an electron in the 5d conduction band (on 4f, 4d orbital

12



a) on site i with spin projection s-= o. Because of the large d-d hybridization between neighboring
atoms (Zs2=1.9 eV under high pressure as estimated in our DFT calculations), we consider 5d
orbitals as a conduction band rather than distinguishable localized atomic orbitals. In our
calculations, we have included 5 effective conduction bands and 2 cerium atoms. Besides 4/-4f
electron-electron interactions, the Hamiltonian (2) contains 4d-4f core-hole interactions to account

for the 4d’4f* excited state configurations in the N4 s-edge spectroscopy. These interactions are

A_A(+:09

d%&lplpd/] ]]PL}i , orbital-dependent Coulomb  repulsion matrices T and
;}}(’LQLO;E@T" , which depend on the following Slater-Condon parameters *': F'y=5 eV, F’=10.1

eV, F'=6.35 eV, F's=4.57 eV, Fla= 5 eV, Fla= 103 eV, Fla= 6.6 eV, G'a=10.13 eV, Ga=
6.36 eV, G 4= 4.49 eV. The hopping elements z;; ,, were calculated using Slater-Koster tables

for f electrons and they depend on four two-center integrals Vo Vi, Vs, V, 33 , which are
parameterized as Vo=t , Vy=-0.75¢, V5= 0.3¢, V,= -0.05t 7 The center of gravity for the 5d

conduction band energy ¢, 1s chosen to account for the energy shift introduced by Fo.

The non-resonant x-ray scattering cross section is proportional to the dynamic structure factor
S(q wy :Z_<f|e()'+ |z')_0" E —L—rhw ) (5)

where |i) (|f)) is the initial (final) state with energy E; (Ey), obtained by exact diagonalization of the
model. Zw is the energy loss of the incident photon, and ¢ the corresponding momentum transfer.

One can expand the transition operator ¢” in equation (5) in terms of spherical harmonics ***:

0t = S5 8% 1yl (2h + DjAG X" 0, 9 ¥ 06 0r ) (6)

where ji(gr) are spherical Bessel functions of rank £, (éz) = %YZ@ and Y, are the spherical

13



harmonics. The radial matrix element which arises from substituting Eq. (6) into Eq. (5) depends
strongly on ¢, but varies slowly over the energy scale of the spectrum. Therefore, it can be factored
out of the sum over the final states in Eq. (5), and the total intensity can be calculated as a sum of

individual isotropic k-pole spectrum I*(w) written as

Aa) =352 1y

A2V o€ - 510 ) @)

The relative weight of () in the total sum depends strongly on the momentum transfer ¢ and the

?7 For

multipole rank & *%, since the expectation value of a spherical Bessel function depends on ¢
Nas-edge NIXS involving 4d-4f excitations, the allowed transitions are monopole (k= 1), octupole
(k = 3), and triakontadipole (kK = 5) terms, due to selection rule and angular momentum
conservation. The final simulated spectra were convolved with a Lorentzian of half-width I'=0.15
eV to account for intrinsic line width and a Gaussian of ¢ = 0.3 (0.5) eV at low (high) pressure to

mimic finite experimental resolution and additional broadening introduced by bulk as compared

to a small cluster calculation.

Density functional theory and Wannier orbital calculations. To study the orbital spreads, we
utilize Wannier90 package ** to construct maximally localized Wannier functions (MLWFs) from
eigenfunctions of fully-relaxed face-centered cubic (FCC) Ce, as well as a high-pressure unit cell
with ~15% volume reduction compared to the ambient structure. The eigenfunctions are obtained
by density functional theory (DFT) using the VASP (Vienna Ab initio Simulation Package)

4
package *°°

, which adopts the plane wave pseudopotential approach. In our DFT calculations, the
projector augmented wave method ° 152 with the PBE/GGA exchange correlation functional ° 3 s

used. The plane wave cutoff energy is set to be 600 eV, and the I'-centered 15 % 15 x 15 k-point

sampling in the Brillouin zone is considered. The ambient structure is relaxed until the force on

14



Ce is less than 107 eV/A, and an energy difference of less than 107° eV/unit-cell was set for the
electronic loop convergence criterion. To obtain 13 MLWFs, 44 bands are included for the
disentanglement procedure in the calculations. The maxima of the outer and lower windows are
setto 64.4eV and 2 eV, respectively. The 13 MLWFs are constructed using 1 s, 7 f, and 5 d orbitals
as the initial trial localized orbitals, and the final spreads (less than 2.85A) are checked carefully.

These MLWFs are then used to reconstruct the 13 bands near the Fermi level (see Figure 4).
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Incident X-ray

Kapton film + BN

Figure 1. Schematic diagram of the inelastic x-ray scattering experimental setup. a Top view of the
lower energy resolution inelastic x-ray scattering (LERIX) spectrometer for measuring the N4 s-edge of Ce
at high pressure, which probes the unoccupied f'states near the Fermi level through 4d-4f excitations. Due
to the strong background produced by gasket below 20 = 150°, the signal only can be detected with analyzers
placed at 20 > 150°. The incident x-ray beam is aligned approximately 10° to the axis of the side webs of
the panoramic diamond anvil cell (DAC). b Side view showing the DAC. The Ce metal pellet is confined

in a composite gasket made of c-BN powder and Kapton film. The incident x-ray energy is about 10 KeV.
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Figure 2. Experimental non-resonant inelastic x-ray scattering (NIXS) spectra at Ce V4 s-edge across

the transition pressure P;for volume collapse transition. a Momentum transfer ¢ dependence of NIXS

spectra at 0.48 GPa (y phase). b Momentum transfer ¢ dependence of NIXS spectra at 1.97 GPa (a phase).

¢ Comparison of NIXS spectra at 0.48 GPa (blue line, below P;) and 1.97 GPa (green line, above P,) at g =

9.64 A'. d Comparison of NIXS spectra at 0.48 GPa (blue line, below P,) and 1.97 GPa (green line, above

Py)atg=10.0 A’'. The most prominent difference between low- and high-pressure spectra lies in the change

of peak intensity at ~106 eV. The spectral intensity (as calculated using the sum rule in Refs.

54,55) is

normalized to the main peak, and the signals due to valence-electron Compton scattering were removed.
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Figure 3. Comparisons between extended atomic multiplet calculations to Ce N, s-edge NIXS spectra.
The theory spectrum is a sum of octupole (k£ = 3) and triakontadipole (k£ = 5) transitions, with an intensity
ratio R ~ 8. a The V' = 0 calculation (black curve) reproduces the main features of the low-pressure 0.48
GPa experiment at momentum transfer ¢ = 9.64 A™' (blue line). B The calculation with an effective Kondo
coupling V' = 0.5 eV (black curve) matches well our NIXS experiment at pressure 1.97 GPa and ¢ = 9.64

A" (green line). ¢ Comparison of theory spectra with different strengths of V. The drop in peak intensity

at ~106 eV with increasing Kondo coupling is consistent with the experiments across the volume collapse

transition.

21



For
.

Y
o

=T ¢ ‘g %:
& &

v ®
W) & &

Energy (eV)

o

L]

|

i

1

]

1
Energy (eV)

r X r K X fz(z —?)  Jfa@r-3y?)
Figure 4. Electronic structure and Wannier orbital calculations based on density functional theory
(DFT). a DFT (black dots) and Wannier (blue curves) band structure calculations for FCC cerium at
ambient pressure. Excellent agreements between DFT and Wannier calculations are obtained between -3 to
2 eV around the Fermi level (indicated by the horizontal dashed red line). b DFT (black dots) and Wannier
(blue curves) band structure calculations for high-pressure FCC cerium with ~15% volume reduction. The
pressure-induced band broadening effect is more apparent for the s or d bands, while for f orbitals (in the

energy range ~ -1 to 1 eV) the effect is much weaker. ¢ Schematic cartoons showing the maximally localized

Wannier functions of selected 4f-orbitals.
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