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Pressure effect on the electronic structure of Las;3Sr;,3NiO4 by XES and RIXS
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We report a study of the pressure effect on the electronic properties of the Las;3Sr;;3NiOy4 system by x-ray
emission spectroscopy and resonant inelastic x-ray scattering. We find that (i) the applied pressure induces a
high-spin to low-spin transition and (ii) the hopping between the neighboring Ni sites with different oxidation
states is strongly suppressed. Pressure effects on the occupied and unoccupied electronic states and on the

corresponding electronic excitations are discussed.
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I. INTRODUCTION

The complex interplay between the spin-charge lattice of
La,_,Sr,NiO4 makes it a model system to study the role of
these electronic degrees of freedom in various phenomena as
stripe correlations and metal-insulator transitions.'~’ Resonant
inelastic x-ray scattering (RIXS) is one of the powerful probes
that can measure the charge and spin correlation functions
multiplied by a resonant enhancement factor.>* RIXS in the
hard— and soft—x-ray regimes is currently utilized to study
various types of excitations in strongly correlated electron
systems.!*?! Beyond the different range of momentum trans-
fer, RIXS in the soft— and the hard—x-ray regimes shows
differences in terms of relative intensity of the inelastic
features. In particular, RIXS at the L edge of a transition-metal
oxide (TMO) in the soft—x-ray regime shows stronger signal
from the d-d excitations in comparison to the charge-transfer
excitations and allows the study of magnon and bimagnon
excitations at the same time. Instead, RIXS at the K edge of
a TMO in the hard—x-ray regime shows weaker signal for the
d-d excitations and stronger charge-transfer features, and it is
sensitive only to bimagnon excitations.

Unlike soft x-rays, hard x-rays not only allow measure-
ments in low-vacuum conditions with higher penetration
depths but permit measurements in high-pressure conditions.
Technically, RIXS at high pressure is still challenging, and
to the best of our knowledge, only one pioneering work?>
has been published so far. Otherwise, it is well known
that pressure is one of the fundamental thermodynamic
parameters controlling the fascinating physical properties of
TMOs. In the particular case of Las;3Sr;,3NiOy, it has been
demonstrated that the stripe correlations are strongly affected
by pressure®® as in the case of isostructural cuprates®* for
which the correlation between stripe ordering and high-T,
superconductivity requires the understanding of charge-stripe
dynamics. Incidentally, due to the difficulties of a high-
pressure study, not many experiments have been performed on
striped compounds. Nevertheless, high-pressure experiments
open up possibilities to investigate new, theoretically predicted
spin states?® and to understand the stripe states in TMOs at low
temperatures.' %2021

Recently, we reported a RIXS study in the hard—x-ray
regime on the Las;3Sr;3NiOy4 system, revealing a correlation
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between the energetics of the d levels and the charge-stripe
ordering.?! Here, we combine inelastic x-ray scattering, x-
ray absorption, and x-ray emission spectroscopy (XES) to
investigate the pressure effect on the different electronic
excitations®>?!? that resonate around the Ni K edge. We find
that the hopping between neighboring Ni sites with different
oxidation states in the system is suppressed and that a new
spin state appears under high pressure. Additionally, we report
significant pressure-induced changes in the charge-transfer
resonating features detectable by RIXS.

II. EXPERIMENTAL DETAILS

A panoramic diamond-anvil cell was used with a
Las/3Sr13NiO4-powder sample contained in a Be gasket to-
gether with neon as a pressure-transmitting medium to provide
hydrostatic conditions. Additionally, a ruby was inserted in the
cell for the pressure measurements. The RIXS experiments
were performed at the Ni K edge at the ID16 beamline of
the European Synchrotron Radiation Facility.”” The scattering
plane was horizontal, parallel to the linear polarization vector
of the incoming x-ray beam. The spectrometer was based on
a bent Si(551) analyzer crystal (bending radius R =1 m)
and a pixelated position-sensitive Medipix2 detector. The total
energy resolution was 880 meV full width at half maximum.
The XES data were acquired with the same spectrometer
exciting the sample well above the Ni K edge and detecting
the emitted fluorescence lines. The scattering angle 260 was
~90° in order to minimize the nonresonant quasielastic peak.
Measurements were made at several pressures in the range of
8-57 GPa, and a clear change in the spectra was observed
between the ambient pressure and 8 GPa. A further increase
in pressure hardly revealed any notable change, and hence,
we report the highest-pressure data in comparison with the
ambient-pressure data collected on the single crystal’! from
which the powder was prepared. Comparing single-crystal and
powder data is allowed due to the fact that the corresponding
spectra are very similar when the single crystal is measured
using an angle of 37° between the incoming beam and the
¢ direction of the crystal as done in Ref. 21. This has been
experimentally checked at ambient-pressure conditions.
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III. RESULTS AND DISCUSSIONS

We start by presenting results of different electronic
excitations influenced by pressure and resonating in the energy
range around the Ni K edge. Figure 1 shows a two-dimensional
RIXS map of intensity versus incident energy (E;) and energy
transfer, collected at ambient (AP) [Fig. 1(a)]*' and high
pressures (HP) [Fig. 1(b)]. The different electronic excitations
resonating at different E; are highlighted by boxes. For E;
at the prepeak energy (E; ~ 8.33 keV), distinct resonances
around 7 eV and 5 eV are found at AP [Fig. 1(a)] and HP [Fig.
1(b)]. Athigher E, fluorescence starts to dominate the spectra
for energy-transfer values higher than 8 eV. Two inelastic
peaks resonate at the main absorption edge (E; = 8.345 keV)
with energy-transfer values of about 6 and 9 eV [Fig. 1(a)].
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FIG. 1. (Color online) Contour plots of the RIXS intensity
(logarithmic scale) as a function of incident energy around the Ni K
edge and energy transfer at (a) ambient pressure and (b) 57 GPa. In the
high-pressure data, the background coming from the high-pressure
cell has been subtracted, using off-resonance spectra to estimate
it. Different methods of background subtraction give the same
results. The boxes mark the electronic excitations resonating with the
incoming-photon energy at the absorption prepeak (~8.33 keV) and
main peak (*8.345 keV). A rescaled zoom of the two-dimensional
RIXS maps with the incoming-photon energy around the absorption
main peak is reported at (c) ambient and (d) high pressures. (e)
Inelastic intensity versus energy transfer for ambient pressure (dots)
and high pressure (squares), obtained summing the maps in (c) and
(d) over the incoming-photon-energy direction. The spectral weight
at ~2 eV is strongly suppressed under pressure. (f) Sketch of the
simplified model representing the e, orbitals at ambient pressure.
The hopping between neighboring Ni sites with different oxidation
states (IT), which we have associated to the ~2 eV excitation,?' is
suppressed on applying pressure.
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Applying pressure, the intensity of these two resonating
features strongly decreases [Fig. 1(b)]. Finally, at AP a weak
inelastic feature around 2 eV, which has been assigned to
crystal-field (d-d) excitations,'?%?! resonates mainly at the
main-peak energy [Fig. 1(a)]. Applying pressure, this low-
energy feature seems to disappear [Fig. 1(b)]. This can be better
visualized in Figs. 1(c) and 1(d) in which we depict the RIXS
maps at AP and HP respectively, rescaled in order to have
comparable intensities for the inelastic features resonating
around the main-peak energy; at HP in fact the signal is
strongly suppressed. Integrating the RIXS maps reported in
Figs. 1(c) and 1(d) over E;, we obtain the RIXS spectra
in the traditional representation, i.e., intensity versus energy
transfer [Fig. 1(e)]. The spectra collected at AP (dots) and HP
(squares) overlap quite well except in the low-energy region,
confirming the strong suppression of the d-d excitations on
applying pressure. Figure 1(f) shows the sketch of a simplified
model representing the e, orbitals at ambient pressure.>*!
In this model we distinguish between sites with (Ni**) and
without (Ni2*) dopant holes. Indeed, the site Ni** can be more
correctly called Ni 3d® L. Both representations have been used
up to now since the Ni 3d,_ > orbitals are hybridized with the
O 2p,, ones that host the hole site. The hopping between
neighboring Ni sites with different oxidation states (II), which
we have previously associated to the ~2 eV excitation,?! is
suppressed by applying pressure. This is in agreement with
the following results.

Figure 2 shows the KB x-ray emission spectra collected for
Las/3Sr;3NiOy4 at ambient (dots) and high pressures (squares).
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FIG. 2. (Color online) Kp x-ray emission lines measured for
Las,3Sr,3NiO, at ambient (dots) and high pressures (squares). While
a clear shift of the KB, 3 main line is observable, the intensity of the
Kg’ line decreases by applying pressure, consistent with a high-spin
to low-spin transition.
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The overall spectral shape of the KB emission line is dominated
by the (3 p,3d) exchange interaction. While a clear shift of the
K13 main line is detectable, the intensity of the KB~ satellite
decreases under pressure in agreement with a transition toward
lower spin.?® This has also been predicted theoretically by
self-consistent Hartree-Fock calculations.”® In the low-spin
configuration, the hopping between the neighboring Ni sites
with different oxidation states (II) is obviously suppressed.

In order to characterize the effect of the applied pressure
on the occupied and unoccupied electronic states, we have
exploited x-ray emission spectroscopy at the KB satellite
emission lines and partial fluorescence yield (PFY) absorption
spectra, which is a high-resolution absorption spectra obtained
by selecting the Ni KB emission line and scanning E; across
the Ni K edge. Figures 3(a) and 3(d) show the K g satellite lines
after the background subtraction at AP and HP, respectively.
They correspond to the occupied states related to transitions
to the 1s shell from the valence orbitals (mainly the Ni 3d
hybridized with O 2p states). The Fermi energy (Efr) is
indicated by a dashed line. Applying pressure, the density of
states around the Ef increases, indicating a clear electronic
delocalization. A comparison of the XES spectrum with
the valence-band spectrum measured by photoemission and
combined with the cluster calculations? allows us to identify
different transition features.”® The vertical lines indicate the
position of different contributing electronic states. We can
distinguish occupied Ni 3d states at ~1.5 eV, O 2 p nonbonding
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and bonding states at &3 and 4 eV, and Ni 3d multiplet states
at ~6 eV from E .2

Figures 3(b) and 3(e) show the Ni K-edge PFY absorption
spectra measured at AP and HP, respectively, providing
information on the unoccupied states. Different features in
the absorption spectra can be identified as: (i) the pre-edge
feature around 8.328 keV at AP and around 8.331 keV at
HP, mainly due to Ni ls to Ni 3d quadrupole transitions
admixed with dipole contributions; (i) the shoulder structure
around 8.335 keV likely due to transitions from Ni ls to the
unoccupied states of p symmetry admixed with the electronic
states derived from La 5d and Sr 4d in the continuum; and
(iii) the main peak due to the Ni 1s to Ni 4 p (admixed with O
p orbitals) dipole transitions, appearing as a doublet structure
with polarization sensitivity corresponding to different Ni-O
distances.’® Under pressure, the dipolar main peak is shifted
to higher energy due to the volume contraction. At the same
time, the prepeak rises toward higher energy. This can be due
to the high-spin to low-spin transition; an increase of the e,
level splitting; or hybridization with the La 5d-Sr 4d levels,
which could split under pressure due to the different ionic
radii.

In between the Figs. 3(a) and 3(b), the horizontal lines
represent the three charge-transfer (CT) excitations that we
have identified by RIXS at AP [Fig. 3(c)]. Similarly, in between
Figs. 3(d) and 3(e), the horizontal lines represent the CT
transitions measured by RIXS at HP [Fig. 3(f)]. Applying
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FIG. 3. (Color online) (a) and (d) KB x-ray—emission satellite lines (K, 5) due to the transitions to the 1s shell from valence orbitals (Ni
3d hybridized with O 2 p), measured for Las;3Sr; 3NiO, at AP and HP, respectively. (b) and (e) display the Ni K-edge partial-fluorescence-yield
absorption spectra at AP and HP, respectively, obtained by collecting the Fe KB-emission yield as a function of the incident energy. The vertical
lines indicate the approximate energy positions of the contributing electronic states. The Fermi energy (Er) is indicated by a dashed line. The
horizontal lines represent the three charge-transfer excitations that have been detected by RIXS, denoted by i, ii, and iii. Two-dimensional
RIXS plots showing inelastic intensity versus incident energy and energy transfer at (c) ambient and (f) high pressures. Different CT transitions
(i, ii,and iii) are indicated on top of the resonating excitations in the RIXS plots.
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pressure, the inelastic feature resonating at the prepeak (i)
changes in terms of resonating energy and energy transfer. The
CT transition i, around 7 eV of energy transfer at AP, is likely
due to the transition between the Ni 3d multiplet states and e,
levels. AtHP, i is around 5 eV of energy transfer. This probably
corresponds to the transition from #,, to anew d state composed
of e, hybridized with the La 5d-Sr 4d levels. The change of
the resonating energy when applying pressure is likely due to
the growing of this new d state since the high- to low-spin
transition suppresses the transition to the lower e, level that
is fully filled at HP. The transitions ii and iii resonating at
the main-peak energy at about 6 and 9 eV of energy transfer,
respectively, are present in both AP and HP measurements.
Both transitions ii and iii result in doubling [Fig. 1(e)] by the
double O 2 p nonbonding and bonding occupied states at 3 and
4 eV from the Er and by the splitting of the e, unoccupied
states. Transition ii is between the Ni 3d° L (O 2p) and e,
levels. Transition iii is between Ni 3d° L (O 2p) and La 5d
and Sr 4d in the continuum. Both transitions ii and iii are
weaker at higher pressure because of the high-spin to low-spin
transition and likely correspond at HP only to the Ni**
sites.
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IV. SUMMARY AND CONCLUSIONS

In conclusion, we have investigated the electronic structure
of Las;3Sr;3NiO4 by RIXS and XES under pressure. The
applied pressure is found to induce a high-spin to low-spin
transition. At the same time, hopping between neighboring Ni
sites with different oxidation states shows a strong suppression
under high pressure. Combining x-ray absorption and x-ray
emission spectroscopy, we have provided a picture of the
occupied and unoccupied states at ambient and high pressures.
The inelastic features, which resonate in the RIXS spectra
at different incoming-photon energies, have been assigned to
different electronic transitions, and the pressure effect has been
discussed. The results reported here clearly call for theoretical
calculations to gain a more quantitative understanding of the
present experimental results.
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