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‘We have investigated the electronic structure of LazNi,O;_s (§ ~ 0.07) by means of hard x-ray photoemission
spectroscopy (HAXPES). Although the nominal Ni valence is close to +2.5, the Ni 2p HAXPES spectra show
an absence of Ni*"/Ni*" charge disproportionation. The Ni 2p spectral shape including the main peak and
the charge-transfer satellite indicate that oxygen 2p holes are heavily involved in the transport properties. The
spectral weight suppression at the Fermi level indicates that the carriers of O 2p character (mixed with Ni
3d) are affected by electronic correlation which would be associated with the density wave transition and the

superconductivity controlled by pressure.
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I. INTRODUCTION

Perovskite-type transition-metal oxides exhibit rich physi-
cal properties due to the interplay between spin, charge, and
orbital degrees of freedom of transition-metal d electrons
[1-3]. Among them, perovskite Ni oxides harbor metal-
insulator transitions and exotic superconductivities which are
deeply associated with its charge and orbital degrees of
freedom. RNiO3 (R = rare earth) with a formal Ni valence
of +3 exhibits a metal-insulator transition as a function of
the ionic radius of the R ion [4]. The insulating phase of
RNiOj is accompanied by Ni charge disproportionation be-
tween +(3 — &) and +(3 +§) with 0 < & < 1 [5]. BiNiO;s
exhibits a pressure-induced insulator-to-metal transition with
a Ni valence change from +2 to 43 which is associated
with its negative thermal expansion behavior [6]. More re-
cently, infinite-layer RNiO, systems with a formal Ni valence
close to 41 have been found to show superconductivity upon
hole doping [7,8] and their transition temperature can be en-
hanced under pressure [9]. The rich physical properties of the
perovskite-type Ni oxides are derived from their charge and
orbital degrees of freedom. The x* — y* type Ni 3d e, orbital
is partially occupied and forms an anisotropic Fermi surface in
the infinite-layer RNiO,. RNiO3 and BiNiOj; avoid the Jahn-
Teller active low-spin Ni*™ by Ni charge disproportionation
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and by Bi-Ni intermetallic charge transfer, respectively. In ad-
dition, the O-to-Ni charge-transfer energy tends to be small in
Ni** oxides [10,11], and oxygen 2p orbitals can be involved
in the Ni charge disproportionation [12—14] and by the Bi-Ni
intermetallic charge transfer [15].

The recent discovery of pressure-induced high-7; super-
conductivity in bilayer perovskite LasNi,O7_s [16—18] has
fueled interest in perovskite-type Ni oxides. The crystal struc-
ture of LasNipO7 is illustrated in Fig. 1(a). The Ni ion is
octahedrally coordinated by six oxygens, and the Ni 3d or-
bitals are split into e, (x> — y* and 3z% — r?) and 2, (xy, ¥z,
and zx) orbitals. Immediately after the discovery, effective
two-band models with Ni 3d x?> — y* and 3z — r? orbitals
have been developed to understand the high-7;. superconduc-
tivity in bilayer Ni perovskite [19-26]. Liu et al. have reported
Ni?* /Ni** charge disproportionation in La3Ni,O;_s based on
the presence of a two-peak structure found in the Ni 2p core
level x-ray photoemission spectrum, and assigning them to
Ni** and Ni** contributions [27]. However, it is known that
the electronic configuration of Ni** is close to d®L (L: oxygen
2p hole) rather than d’ and that the Ni 2p binding energy
difference between Ni** and Ni** is negligibly small [28-31].
If the electronic configuration of Ni** is d®L, the situation
of LazNiyO7_s would be similar to the hole-doped cuprate
superconductors with d°L. The superconducting phases of
RNiO; and La3Ni,O;_s may correspond to electron- and
hole-doped d® Mott insulators as illustrated in Fig. 1(b). In
this context, it is highly important to reexamine the elec-
tronic structure of LasNi;O;_s by means of photoemission
spectroscopy and clarify whether its ground state should be
understood in terms of d’ — d® configurations or a hole-doped
d®L — d®.
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FIG. 1. (a) Crystal structures of an idealized bilayer perovskite,
represented using the program VESTA [33]. (b) Schematic suggested
phase diagram of nickelates based on electron doping from d® to d°
and hole doping from d® to d®L. The electron concentration per Ni
of Nd;_,Sr,NiO, is reduced from d° due to Sr doping and partial
charge transfer (self-doping) from Ni to Nd [7-9].

In the present paper, in order to solve the puzzle related to
the Ni valence and O 2p holes and to clarify the fundamental
electronic structure of La3Ni,O;_s, we have performed hard
x-ray photoemission spectroscopy (HAXPES).

II. METHODS

Polycrystalline samples of LazNi,O7_s (6 =~ 0.07) were
prepared via the sol-gel method as reported in the literature
[18]. Further details regarding the characterization and the
properties of the samples used in the measurements are also
found in Ref. [18]. HAXPES measurements were performed
at the Max-Planck-NSRRC HAXPES end station with an
MB Scientific A-1 HE analyzer, Taiwan undulator beamline
BL12XU of SPring-8 [32]. The photon energy was set to
6.5 keV, resulting in a probing depth of about 10 nm. The
x-ray incidence angle was about 15°, and the photoelectron
detection angle was 90°. The diameter of the beam spot was
about 50 um. The samples were covered with a thick layer of
carbon paint after mounting onto the sample holders and then
were fractured under ultrahigh vacuum of 107 Pa at room
temperature in order to ensure that the photoemission signal
from the sample is only obtained from a clean fractured sur-
face that has not been previously exposed to air. The fractured
sample surface was about 2 mm long along the beam direction
and 100 um wide. The measurements were performed at 80
and 150 K, corresponding to temperatures above and below its
density wave transition at 140 K. The total energy resolution
was about 300 meV. The binding energy of the HAXPES
spectra was calibrated using the Fermi edge of Au.

III. RESULTS AND DISCUSSION

Figure 2(a) shows a wide scan of La3Ni,O;_;. As expected
from the sample composition, the core level peaks of La, Ni,
and O are observed, along with a C 1s signal originating from
impurities at the grain boundaries in the polycrystal. Some
signal from the carbon paint surrounding the sample cannot
be ruled out due to the small size of the sample. Other than
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FIG. 2. (a) Wide scan and (b) O 1s core level spectra of the
polycrystalline La;Ni,O7_;.

the carbon, no traces of core levels from other elements are
detected in the scan.

The O 1s core level spectra of LazNi,O7_s, as shown in
Fig. 2(b), consist of a main sharp peak, followed by a broad
feature on the higher binding energy side originating from
the impurities at grain boundaries. The sharp peak at 529 eV
corresponds to the bulk La;Ni,O;_s, and has a full width at
half maximum (FWHM) of around 0.75 eV, close to that ob-
tained from single-crystalline NiO under similar experimental
conditions [32]. The bulk signal from La3;Ni;O7_s; dominates
the O 1s spectra, indicating that our HAXPES spectra ob-
tained from the present sample represent the bulk electronic
structure.

Figure 3(a) shows the Ni 2p and La 3d core level spectra of
La3NiO7_s. The intense La 3ds/, peak at around 835 eV dis-
plays a double-peak structure as often observed in lanthanum
containing oxides such as the perovskites LaM O3 [37]. The
double-peak structure is derived from the core hole screen-
ing in the final states. The low- (high-) energy component
corresponds to the f! (f°) final state where the La 4f level
stabilized by the La 3d core hole potential is occupied (un-
occupied) by an electron. The same structure is then repeated
at around 855 eV for La 3d3,,, which overlaps with the Ni
2p3 > peak, expected to be at around the same binding energy.
We note that this double-peak structure does match with the
peaks that Liu et al. [27] attributed to Ni*t and Ni*t, with
the difference in experimental photon energies accounting for
the different weight ratios between La 3d3,, and Ni 2p3,,. We
furthermore observe that in more isolated Ni 2p; >, no such
double-peak structure with 3—4 eV splitting and close to 1 : 1
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FIG. 3. (a) Ni 2p and La 3d core level spectra of polycrystalline
La3;Ni,O;_s measured at 80 K (blue line) and at 150 K (red line).
[34] (b) Subtraction of La 3d3/, by using the spectral shape of La
3ds); rescaled and shifted. (c) Ni 2p spectra after La 3d;,, peak
subtraction, together with the spectrum of NiO from Ref. [32], the
Ni 2p;, spectrum of LaNiOs from Ref. [35], and the Pr,NiO, x-ray
photoemission spectroscopy (XPS) spectrum from Ref. [36].

ratio is observed, further evidencing that the splitting is on the
La 3d core level and not on Ni 2p.

In order to obtain more information despite this overlap,
we can perform a subtraction of La 3d3,, by assuming that
the core level line shape is the same as that of La 3ds,, [34].
For the subtraction, we shift La 3ds,, to match the energy of
the La 3ds/, peak, and rescale it to account for the different
number of electrons and photoionization cross section [blue
dotted line in Fig. 3(b)]. The ratio of 1 : 1.34 obtained from
the atomic values of the fully filled La 3ds,, and La 3ds,
photoionization cross section [38] was used as a starting point,
and then fine tuned to fully cancel out the f! peak on La 3d5)»,
between 849 and 851 eV.

The result of the subtraction, shown in Fig. 3(c), displays a
two-peak structure [39], very similar in both shape and energy
position to that of NiO [32], shown with the dashed red line.
The main peak is accompanied by the broad charge-transfer
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FIG. 4. HAXPES valence band spectra of polycrystalline
La3Ni,O;_s measured at 80 K (blue line) and at 150 K (red line),
together with that of LaNiOj (dotted line) from Ref. [41].

satellite on the higher binding energy side, matches closely to
that of LaNiOs5 rather than to that of NiO. The more isolated
Ni 2py,, peak at around 872 eV also displays a strong resem-
blance both to that of the formally d 8 NiO, as well as to that of
LaNiOj3, with a ground state dominated by d3L. Here too we
observe that the satellite structures display a strong similarity
to that of LaNiOj5 rather than that of NiO.

In La3zNi,O7_s, the nominal valence of Ni is +2.5 (+2.43
for § ~ 0.07). The striking similarities of the Ni 2p main peak
to both NiO with a Ni valence of +2 and the d®L LaNiOs,
rule out the coexistence of the Ni 2+ (d®) and the actual Ni
3+ (d7) states in La3Ni,O;_s, and instead point towards the
scenario where the electronic configuration of Ni is dominated
by the d3L-d® mixture, with a Ni 3d to O 2p charge-transfer
energy that is almost zero (or even negative).

Meanwhile, the satellite structure of LaszNiyO;_s is very
different from those of NiO and R;NiO4 [32,36] with a pos-
itive charge-transfer energy of about 4 eV, both in terms
of energy position as well as in weight. The broad charge-
transfer satellite with the substantial energy splitting from
the main peak is instead very similar to that of LaNiO3
[34,35], with a very small or even negative charge-transfer
energy as commonly found in many nominally Ni 3+ systems
[28-31,40], further reinforcing the d®L-d® mixture scenario
for LazNi, O7_s.

Figure 4 shows the valence band spectra of LazNi,O;_;.
Similar to the spectra of LaNiO; (dotted line) as well as other
rare-earth nickelates, it displays a broad deeper band from
around 2 to 7 eV, and distinct features closer to the Fermi
level mainly from the Ni 3d contributions. At high photon
energies, the spectral weight of the deeper feature consists
mostly of small La 5p contributions in the valence region
from its hybridization with O and Ni valence states [35,42],
which gets strongly enhanced and dominates the valence band
spectra due to its very large photoionization cross sections.

Compared to LaNiO3, we observe that the LasNi,O7_;
valence band features are all in general around 0.5 eV deeper,
which is consistent with an electron doping of 0.5 electrons
per Ni in going from LaNiOs to La3zNi,O7. Furthermore, the
features near the Fermi level appear to be broader, likely due
to the density wave or its fluctuation by the electron doping to
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Ni** or the hole doping to Ni*". The Ni 3d ¢,-O 2p band
crossing the Fermi level is half filled in LaNiO; while it
should be three quarters filled in La3;Ni,O7. We also note that
La3NiyO;_s shows a pseudogap behavior, with the spectral
weight at the Fermi level being close to zero at both 80 and
150 K. The suppression of the spectral weight at the Fermi
level is consistent with the barely metallic behavior under the
ambient pressure which would be associated with the density
wave and/or its fluctuation which is suggested from the kink
of the resistivity curve around 140 K [18].

The density wave transition temperature gradually de-
creases with pressure and the superconductivity appears above
the pressure where the density wave is almost suppressed [18].
Since the Ni**/Ni** charge disproportion is absent as seen
in the present Ni 2p HAXPES, the density wave should be
associated with itinerant electrons constructed from Ni 3d
e, and O 2p orbitals. If the density wave is driven by the
conventional Peierls transition due to the electron lattice inter-
action, the Peierls gap is expected to close above the transition
temperature. Since the spectral weight at the Fermi level is
suppressed even above the transition temperature, the density
wave transition at 140 K would be driven by an electron-
electron interaction (or excitonic interaction) between Ni 3d
electrons and/or O 2p holes. Then the pseudogap can remain
even above the transition temperature due to their fluctuations.
Such fluctuations can remain and induce the superconductiv-
ity under pressure while its long-range order is suppressed.

As suggested from the f! peaks in the La 3d spectra, the
La 4f and 5d levels are not very far from the Fermi level.
The La 5d level may be lowered by pressure and trigger the

superconductivity. This situation with the La 5d Fermi surface
resembles the situation of NdNiO, where the Ni 3d and Nd 5d
Fermi surfaces coexist.

IV. CONCLUSION

In conclusion, the HAXPES study on polycrystal
LasNiyO7_s (6 &~ 0.07) has been used to study its electronic
structure. The Ni 2p HAXPES spectra clearly show that the
expected Ni** /Ni** charge disproportionation is absent. The
main peak and the charge-transfer satellite of Ni 2p HAXPES
of La3Ni,O;_; point towards a d3L-d® ground state, indicat-
ing that oxygen 2p holes are heavily involved in the electronic
states near the Fermi level. The spectral weight suppression
at the Fermi level indicates that the carriers of O 2p char-
acter heavily mixed with Ni 3d are affected by electronic
correlation which would be associated with the density wave
transition and the superconductivity in the present system.
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