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Abstract
We report on x-ray absorption near-edge structure (XANES) and extended x-ray absorptionfine
structure (EXAFS)measurements of SmNiO3 from20 K to 600 K and up to 38 GPa at theNiK and Sm
L3 edges. Amultiple component pre-Ni K edge tail is understood, originating from1 s transitions to
3d-4p states while a post-edge shoulder increases distinctively smoothly, at about the insulator to
metal phase transition (TIM), due to the reduction of electron–phonon interactions as theNi 3d andO
2p band overlap triggers themetallic phase. This effect is concomitant with pressure-inducedNi-O-Ni
angle increments towardmore symmetric Ni3+ octahedra of the rhombohedral R¯3c space group.
Room temperature pressure-dependentNi white line peak energies have an abrupt∼3.10±0.04 GPa
valence discontinuity fromnon-equivalentNi3+δ+Ni3–δ charge disproportionate net unresolved
absorber turning at∼TIM intoNi3+ of the orthorhombic Pbnmmetal oxide phase. At 20 K the overall
white line response, still distinctive at TIM∼8.1±0.6 GPa ismuch smoother due to localization.
Octahedral bond contraction up to 38 GPa and at 300 K and 20 K showbreaks in itsmonotonic
increase at the different structural changes. The SmL3 edge does not showdistinctive behaviors either
at 300 Kor 20 Kup to about 35 GPa but the perovskite Sm cage, coordinated to eight oxygen atoms,
undergoes strong uneven bond contractions at intermediate pressures wherewe found the coexistence
of octahedral and rhombohedral superexchange angle distortions.We found that thewhite line
pressure-dependent anomalymay be used as an accurate alternative for delineating pressure–
temperature phase diagrams.

1. Introduction

RNiO3 (R= rare earth) is a distinctive family of compounds inwhich a sharp temperature-driven insulator to
metal phase transition (TIM) is found [1]. Except LaNiO3, which remainsmetallic at all temperatures in a
rhombohedral distortion, the series obtained by rare earth replacement has an insulating phase inwhich theNi
eg−O2phybridization decreases as the TIM increases. Above the TIM they crystallize in theGdFeO3-type
orthorhombic paramagnetic distorted perovskite structure Pbnm [2]. Assignment of the orthorhombic Pbnm
space group by long-range x-ray diffractionmeasurements was concomitant with aweak reduction of the unit
cell volumewhen passing into themetal phase. The undergoing process is afirst order phase transition
consequence of slightly increasing theNi-O bond length and simultaneously decreasing theNi-O-Ni angle—the
latter being the driving force of the transition as it governs the transfer integral between theNi eg andO2p
orbitals. In RNiO3Ni is in a low spin electronic state [3–5].

Neutron and synchrotron diffraction data fromYNiO3 provided thefirst evidence of changes in the crystal
symmetry at themetal–insulator transition fromhigh temperature orthorhombicmetallic tomonoclinic
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insulating due to charge disproportionation (2Ni3+→Ni3+δ+Ni3−δ) at the opening of the gap. These
correspond to two alternatingNiO6 octahedra associatedwith an expanded (Ni1) and a contracted (Ni2)Ni-O
bond and amagnetic structure [k=(1/2, 0, 1/2)]with unequalmoments at independentNi1 andNi2 sites [6].

More subtle local structuremeasurements showed this extended picture as a P21/nmonoclinic distortion in
the insulating phase ofNdNiO3 [7]. Itmight also be thought as a Jahn–Teller-like distortion at one of the two
non-equivalentNi sites creating charge fluctuations in themetallic phase. Conversely, sinceNi2+-like ions are
not Jahn–Teller active, the expected small polarons appear as a consequence of the suppression of theNi3+-like
Jahn–Teller distortion and conduction electronswill thenmove through the lattice destroying the quasi-Jahn–
Teller distortion at theNi sites [8, 9].

Diffractionmeasurements from single crystals also showed the presence of themonoclinic P21/nphase in
PrNiO3 [10] alongside x-ray absorption near-edge structure (XANES)measurements requiring themonoclinic
distortion to explain themeasured spectra [11]. Nonetheless, the overallmedium and long-range structure is
quite well reproduced considering only the orthorhombic symmetry for a singleNi site. The splitting takes place
at the local level turning on aweakmonoclinic distortion thatmaterializes in the short-range scale [6].

The complete physical scenario for this family of compounds emerged fromfluorescence yield x-ray
absorption (XAS) confirming that at the insulating lower temperature charge-disproportionate state there is a
rare-earth-dependent splitting of theNi K edge. Thefluorescent band splitting isfive times larger for LuNiO3

[2.5(1) eV] than for PrNiO3 [0.5(3) eV] pointing to decreasing charge transfer betweenNi
3+δ andNi3−δ as the

itinerant limit is neared. It also supports the persistence of dynamicNi3+δ/Ni3−δ charge fluctuations in the
metallic phase [12].

Unusually largeO16−O18 isotope shifts in themetal–insulator transition temperature TIM indicates that,
indeed, themechanism of the transition in RNiO3 involves strong electron–lattice interactions [13, 14].
Hopping conduction electronsmove through the lattice in a similar way as eg small polarons inMnhole-doped
perovskites [15]. The agreement found between the small polaron theory and the experimental optical
conductivity of RNiO3 (R= rare earth≠ La) confirms the electron–phonon interactions as a determinant factor
of the phonons participating in the transport properties of these compounds. According to this, themetal–
insulator transition at TIM is directly related to the self-trapped electrons in a polaronicmedium [16, 17]. At
about 100 meV a small charge transfer gap appears below theTIM [18].

In the larger rare earth (Ndor Pr) the sharp change in conductivity at the TIM coincides with aNimagnetic
moment net antiferromagnetic ordering. Smaller size rare earth induces distortions unfolding an ion size
dependent intermediate paramagnetic phase between the high temperaturemetallic and the trulymagnetic
ordered. In those last compounds, the temperature of themetal–insulator transition is different from theNéel
temperature so that themagnetic ordering nowdevelops upon cooling in an insulatingmatrix [19]. The
temperature of the TIM is higher decreasing the rare earth ion size due to an increment in the topological deviates
from the ideal perovskite structure [20]. The same non-collinearmagnetic structure is however shared by all
RNiO3 (R= rare earth≠ La). Themagnetic ground state consists of an unusual antiferromagnetic structure,
with k=(1/2, 0, 1/2) relative to the orthorhombic crystal cell [4, 21].

It is against this background that earlier pressure-dependent transportmeasurements were carried out by
Obradors et al [22] andCanfield et al [23]. Both groups coincide in reporting a negative slope for -dTIM/dp in
RNiO3 (R= rare earth≠ La).Medarde et al studied by neutron-diffraction the high-pressuremetallization
process in PrNiO3 undermoderate pressures [24] and,more recently, Lengsdorf et al reported crystallographic
work in EuNiO3 under hydrostatic pressure [25]. The sequence fromorthorhombic to rhombohedral symmetry
has also been observed by angle-resolved x-ray diffractionmeasurements at 11 GPa and 6 GPa inNdNiO3 and
PrNiO3, respectively [26].

In order to propose a generalmodel, we look at SmNiO3which is an intermediate nickelate sharing all the
above properties [2]. SmNiO3 undergoes ametal–insulator phase transition at ambient pressure at TIM=400 K
[27] and theNéel insulating phase stabilizes belowTN=225 K [15].

The primary consequences of applying quasi-hydrostatic pressure to a compound, in our case a perovskite,
are the reduction of interatomic distances, the progressive bond shortening, and themodification of
superexchangeM-O-Mangles. Continuous pressure change as the thermodynamic external dynamical variable
is a unique tool for probing the relationship between structural sublattice distortions and electronic properties.
It triggers increments in band hybridization and the eventual emerging of ametallic state by valence and
conduction band superposition.

Structural changes in the lattice parameter have been observed in SmNiO3 under pressure at room
temperature bymeans of angle-resolved x-ray diffraction. At around 2.5 GPa the unit cell parameters are
reported to undergo a small abrupt contraction that it is the onset of the pressure-inducedmetallization earlier
found by infrared spectroscopy at∼1.9 GPa [28]. This is a consequence of the increase of the superexchange
angleNi-O-Ni from153.4° at ambient pressure tomore than 156° at 3 GPa. A further increase of the applied
pressure triggers a region of orthorhombic–rhombohedral phase coexistence that then leads to the less distorted
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metallic rhombohedral (R¯3c) phase sharedwith LaNiO3 [29]. Pressure-induced increments in theNi-O-Ni
angle with simultaneous diminution of theNi-Odistances, given the negative slope -dTMI/dp inRNiO3 (R=
rare earth≠ La), eventually closes the insulating gap [22, 23]. Aswas also found recently in YNiO3, these changes
represent the interplay of the bandwidthW, the charge energy transferΔ, and theCoulomb repulsion energyU
bywhich an increment inWand thusW/U, (the onsiteUCoulomb energy is not expected to change
significantly because it depends onmore localized 3d orbitals) yields a reduction of the temperature at which the
insulator–metal transition takes place [30].

Here we report on temperature and pressure-induced dependencies inXAS at theNi K and SmL3 edge of
SmNiO3. TheNiK edge results from20 K to 600 K at ambient pressure are used to developmodels for the
analysis of the pressure-dependent counterpart. Pressure-dependent XAS of SmNiO3 up to 38 GPa and at 300 K
and 20 Kwas used to explore the XANES profiles below and above themetal–insulator and the lower
temperature antiferromagnetic phase transition.We found that upon applying pressure the change of theNiK
edgewhite line peak energies are a good indicator of theNi3+metallic phase onset suggesting a handy tool to
map pressure–temperature phase diagrams in disproportionated compounds. At 20 K, high-pressure-
dependentmeasurements show a rather smooth evolution of theNiwhite line peak energy suggesting a
dynamical carrier localization in the paramagnetic phase before the onset of the insulator tometal transition at
∼8.1±0.6 GPa.

The octahedral contraction,mirroring the increment in energy of thewhite line has been also quantitatively
studied at 300 K and 20 K from fits to the pseudo distribution function ofextended x-ray absorption fine
structure (EXAFS)data. The pressure-induced relative changes in theNi-O bonds yield slope changes whose
onset is related to the pressures at which the systemundergoes structuralmodifications. These take place at the
TIM (∼3.10±0.04 GPa at 300 K and∼8.1±0.6 GPa at 20 K); at the intermediate phasewhere the
superexchange angle shares both orthorhombic and rhombohedral incremental distortions, and in themostly
rhombohedral environment at the highest pressures reached in our experiments. Overall, ourmeasurements
bring up onemore time the role of octahedral tilting and p-d hybridization in correlated oxides.

We also performed detailed temperature and pressure-dependentmeasurements at the SmL3 edge.We
found that these spectra do not have distinctive band profile changes, either at 300 K or 20 K, and up about
35 GPa, confirming the absence of amajor role for the rare earth beyond the lattice distortion introduced by the
ion size underlying themetal to insulatormechanism.On the other hand, our probe gives evidence of strong
distortions in the Sm cage at the same pressures wherewe detectedmixed superexchange angles sharing either
orthorhombic or rhombohedral topologies [26].

2. Sample preparation and experimental details

Powder SmNiO3was prepared by a liquid-mixture technique. A stoichiometricmixture ofmetal nitrates was
solved in citric acid and the citrate solutionwas then slowly decomposed at temperatures up to 600 °C.This
black precursorwas heated at 1000 °Cunder a 200 bars oxygen atmosphere for 12 h and cooled at room
temperature, giving a polycrystalline powder. The sample was then characterized by x-ray and neutron powder
diffraction, thermogravimetric analysis, differential scanning calorimetry, and resistivitymeasurements [31].

Transmission-mode XASmeasurements were done at theD04B-XAFS1 beamline in the Brazilian
Laboratory for Synchrotron Light (LaboratorioNacional de Luz Sincrotron (LNLS)) [32]. Channel-cut Si
monochromators 220 and 111 reflectionswere utilized around theNiK edge (∼8345 eV) and the Sm L3 edge
(∼6716.2 eV). Low temperaturemeasurements in the 20 K to 300 K interval weremade using SmNiO3films
deposited on a silicon nitride Si3N4membranemounted in the cold finger of a closed cycleHe refrigerator. For
the high temperature runs, between 300 K and 600 K, samples were prepared bymixing powder of SmNiO3with
boron nitride (BN) and pressing themixture into a pellet. Different pellets were preparedwith amounts of
SmNiO3 andBNoptimizing an absorption edges jump. The samples were placed inside a home-made furnace
where the temperature was varied.

High-pressuremeasurements in a quasi-hydrostatic environment were done at the dispersive beamline
D06A-DXAS of the LNLS. Its Si(111) bentmonochromator allows very high energy stability focusing into a
150 μGaussian spot at the sample position [33]. The reference flux, I0, wasmeasuredwith aflat piece of plastic in
order to simulate the average attenuation. XASwasmeasured at 300 K and 20 K accumulating runs in the
100–200 rangewith the cellmounted on the cold finger of aHe closed cycle refrigerator.

We have also reproduced some of our results at room temperature with the pressure cellmounted on a
goniometer because closeNi-O bond lengths differences appear as static disorder due to the limited EXAFS k
range reducing the resolution in the R space Fourier analysis [34].
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Allmeasurements have been done in the transmissionmode.We calibrated our spectra of SmNiO3 using as
standard ametal Fe sheet for Sm and ametal Ni sheet forNi. Thismeans that for the spectrometer resolution in
our experimental configuration the precision of the pressure calibrationwas∼0.2 GPa.

The pressure cell was loadedwith silicone oil embeddedwith SmNiO3 5 μ grain powder using 250 μmthick
stainless steel gaskets pre-indented to approximately 60 μmthick. Thatmixturewas used forfilling the gasket
hole located between the two diamond anvils of aHe gas-drivenmembrane cell. To reduce the diamond
absorption, thus also allowing themeasurement of the rare earth L3 edge, we used perforated anvils with a
350 μmcullet size. Pressure was calibrated in situ from temperature corrected band frequency shifts of the ruby
laser excited R1 andR2fluorescence lines [35–37].

We found that at room temperature the use of silicone oil as a transmittingmedium yielded a good quasi-
hydrostatic environment up to about 10 GPawhile at higher pressures thefluorescence lines bandwidth
increased echoing non-hydrostatic departures [38]. Error bars were then estimated at±0.5 GPa for those points
below 10 GPawhile at higher pressures, the estimate increased up to about±1.0 GPa consequent with the extra
broadening. Nonetheless, asmay be seen below, since XAS probes an effective average contribution from all
micro-grains, thismakes our set up not too dependent on the actual environment created by the pressure
transmittingmedium; thismakes consistentmeasurements up to∼38 GPa [30] possible.

All XAS datawas analyzed using theAtoms-Athena-Artemis software package [39].

3. Results and discussion

3.1. Temperature dependence of theNiK edge in SmNiO3 at ambient pressure
Figure 1 shows the temperature dependence of theNi K edge XAS spectra from20 K to 600 K; this is the result of
three scans recorded and averaged to improve the signal-to-noise ratio at every shown temperature. Theywere
normalized using standard procedures [39]. As it has been reported for othermembers of the RNiO3 (R≠ La)
family [11] there are threemainXANES features to follow as thematerial goes through the lower temperature
antiferromagnetic ordering at TNéel, to the intermediate paramagnetic state, and into the insulator–metal
transition at TIM∼ 400 K. They are usually namedA,B andC;A stands for any pre-edge tail-like feature that in
our case, as shown infigure 2(A), hasmultiple components.

We adopted aWeibull profile for thefitting of thewhite lineB because its slight asymmetry is better
reproduced by the sigmoidal extra ‘c’ fitting parameter improving the deconvolution of the pre-edge features.
Similar earlier less resolvedweaker features were assigned in PrNiO3 tomainly dipolar transitions betweenmetal
1 s states and hybridizedmetal 3d-O2p bands [11, 40]. In our case, the slope change in thewhite line shape at
∼8344 eV (figure 2(A)) suggests two components,A1 andA2 thatfittedwith two Lorenztians, are reminiscent of
the two bands discussed forNiO in the same energy range.Within this framework, the pre-edgeA1 (figure 2(A),
inset (a)) is assigned toNi transitions from the 1 s state to the empty 3d (Δl=±1) likelymixedwith the 4p levels
result of p-d hybrizationwith the nearest neighbor oxygen [41]. Pre-edgeA2 is understood to come fromnon-
local dipole-like excitations due to the transitions to d states of the neighboringNi ions promoted by the

Figure 1.Normalized absorption spectra at theNiK edge as a function of temperature at ambient pressure. For a better view, the
spectra have been displaced vertically. Features named after,A: pre-edge;B: white line, andC: post-edge shoulder, are discussed in the
text. Inset: temperature dependence ofNi-Obond distances frompseudo distribution function fits.
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hybridizationwith the transitionmetal absorbing p states. That is, they involve higher coordination shells in the
Ni-O-Ni interactions [40].

Wefind, however, whatmight be interpreted as a quite the opposite behavior. Beyond a faint temperature
dependence suggested infigure 2(A) inset (b), the pre-edges do not seem to experience profile changes either by
charge disproportion in the twoNi non-equivalent sites [6] or by freer carriers above 400 K. It is known that
strong hybridization among theNi3d:eg andO2p:s bands leads to the partial screening distortion by holes
transferred from the 3d to the 2p orbital, and remarkably, these are the same end states claimed to be the origin
of the pre-edge structure. The octahedron off-center displacement and stretching decreases the local symmetry
(non-centrosymmetric) allowing the degree of p-dmixing to raise the pre-edge XANES peaks [34, 42, 43].

We then conclude that the origin of those featuresmight be in a localized electron phase co-existing in the
metallicmatrix above the TIMwhere the conduction electrons’ role would be preventing the charge-order state.
That is, the split sites remaining fluctuating associatedwith the local distortion ofNiO6 octahedra [34, 44].

In sharp contrast with the lack of response to the onset of themetallic phase by pre-edge features, the post-
edge shoulderC (figure 2(B)) at∼8358 eV grows upwith the increasing temperature. It originates frommultiple
scattering contributions by local octahedral NiO6 changes in the rare earth perovskite cage representing freer
carriers under the reduced electron–phonon interactions. The onset of the passage to themetallic phase in
SmNiO3may be associatedwith far infrared reflectivity where vibrationalmodes become distinctively screened
as a consequence of a non-negligible reduction in the coupling of electronic degrees of freedom to local lattice
distortions [16, 17].

A shoulderC sharp change passing from the insulator to themetal regime has been already observed in
PrNiO3 [11] and inNdNiO3 [45]. These two compounds lack the intermediate paramagnetic phase. The
shoulderC in SmNiO3 (figure 2(B)) does not change as abruptly when going from the insulatingmonoclinic
distorted phase to the conducting orthorhombic; rather, the absorption gradually increases starting at about
300 K in the intermediate paramagnetic phase (figure 2(B), inset) in the presence ofNi3+δ and expandedNi3−δ

sites recallingNi3+δ/Ni3−δ charge fluctuations [31] as a source of gradual change incrementing the conductivity.
We then conclude that the change in the absorption cross section at the post-edge responds to contributions

from charge disproportion dynamics and local environment inhomogeneities at both sides of the TIM that can be
used as a quantitative determination of the passage to themetal oxide phase [30].

In turn, the origin of the intermediate paramagnetic phasemight be as though being induced by
inhomogeneous lattice distortions due to the larger charge disproportions. It is known that for PrNiO3,N1 and
N2 valences are very close to trivalentNi

3+while SmNiO3 is already in an intermediate stagewith afinite δ closer
to a tetravalent/divalentNi4+-Ni2+ valence picture reported in smaller rare earths as for LuNiO3 [12]. This sets
apart nickelates inwhich the TIM coincides with TNéel (PrNiO3,NdNiO3) from those (RNiO3, R≠ La, Pr, Nd)
that have a TIM>TNéel at well-differentiated temperatures.

Our temperature-dependent EXAFS spectra (figure 1) have similar features as the earlier runs for other rare
earth nickelates [34]. In particular, the Fourier transform amplitude in themagnetic ordered, paramagnetic, and

Figure 2. (A)NormalizedNiK pre-edge XANES at 20 K; squares: data; full lines: fit. Inset (a): pre-edge bands at 20 K
antiferromagnetic, paramagnetic 300 K, andmetallic 600 Kphases respectively. Inset (b): A1 peak position fromfirst derivative
suggesting a faint softening in themetallic phase. (B)NiKpost-edge spectra from20 K to 600 K. Inset: enhanced spectra showing the
compound response at 20 K (antiferromagnetic), above∼230 K (paramagnetic insulator), and above TMI ∼ 400 K in themetal oxide
phase up to 600 K.
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metallic phases shows a distinctive asymmetry in the band profile of the pseudo radial distribution function of
theNifirst neighbors oxygen coordination shell [34]. This asymmetric deviation tends to disappear in the
metallic phase suggesting a reduction in theNi splitting, i.e. turning into a unique singleNi3+ environment
signaling the passage from aP21/n space group to an orthorhombic Pbnm. Then, afirst shellmay bemodeled
introducing explicitly an apical (two equalO-Ni nearest neighbor distances) and a basal plane (four equalNi-O
bonds) and thenfitted to the experimental temperature-dependent radial pseudo radial distribution.We found
that the calculated temperature dependent of bond lengths (figure 1, inset) are in very good agreementwith
earlier crystallographic data. They have a smooth behavior in the insulating phase increasing at higher
temperatures in themetallic phase [19, 46]. These bondswere then used in the following sections as an
atmospheric pressure reference in our analysis of the high-pressure data.

It is alsoworthmentioning that we also found a slight change at about TN∼ 225 K showing, in agreement
with the transportmeasurements found by Zhou et al [46] aweak lattice interaction (spin-phonon) at the
temperaturewhere theNimoments align.

Nonetheless, as already commented above, a limiting factor when performing high-pressure absorption
measurements is the reduction of themeasuring k range consequence of the pressure cellmounted at the
beamline focal point. Themeasured spectra are comparable to long-range x-ray diffractograms yielding
‘average’ results for octahedral bond lengths as if the lattice were labeled by orthorhombic Pbnm ignoring
departures from the idealNi3+ valence.

3.2. Temperature dependence of the SmL3 edge in SmNiO3 at ambient pressure
Infigure 3we showour temperature-dependent XAS spectra at the L3 Sm edge of SmNiO3. The sharpness of the
white line, typical of Sm(III), corresponds to the 2p→5d transition in Sm3+. The temperature dependence
does not show abrupt changes thatmay be directly associatedwith phase transitions in SmNiO3 but rather the
complete range of our study is dominated by themacroscopic lattice distortion triggered by Sm reducing the
ideal cubic perovskite topology. The lattice structure becomes unstable due to the ion size coercing the distorted
NiO6 octahedra into tilt and rotation tofit the otherwise empty cubic space.We do however note that in that
process there is also a small change in the relative intensity of thewhite line (figure 3, inset (a)) suggesting that the
number of unoccupied states in a 5d-band are reduced in passing to the orthorhombicmetallic phase.

Regardless, ourmain purpose in doing thesemeasurements is to provide amore quantitative view of the
dodecahedral Smfirst nearest neighbors scattering paths for building a realisticmodel to analyze the absorption
spectra under pressure. In this order after an EFFF9 analysis [39]we found five Sm-O scattering paths between
1 Å and 3 Å globally considered as subshells of a first shell in the R space of the Smpseudo radial distribution
function yielding a set offive bonds (figure 3, inset (b)) in agreementwith the published crystallographic
data [47].

Figure 3.Normalized absorption spectra at the SmL3edge as a function of temperature at ambient pressure. For better viewing, the
spectra have been displaced vertically. Inset (a): XANES detail at 20 K (antiferromagnetic insulator), 300 K (paramagnetic insulator),
and 600 K (metal oxide). Inset (b): Calculated bond distances fromSm-O scattering path fits.
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3.3.High-pressure dependence of theNiK edge in SmNiO3 at 300 K
Figure 4(A) shows theXAS spectra at theNiK edge in SmNiO3 at 300 K as a function of pressure. Every feature is
altered even under the lowest applied pressures. A remarkable behavior is observed at the post-edgeC shoulder
(figure 4 (B))where one is able to distinguish the 300 K pressure-induced passage from the insulator to themetal
state starting in the intermediate paramagnetic phase into a phase distortion inwhich carriers are freer.
Increasing the pressure further, the absorption increases smoothly reachingmetallic rhombohedral symmetry
inwhich carriers experience weaker electron–phonon interactions in ametal oxide environment (figure 4 (B),
inset).

Pre-edgeA bands at 300 K, as shown infigure 5, seem to develop, within their weakness, sharper profiles
upon applying pressure relative to increasing their intensity and half width at halfmaximum [48].

On the other hand, the evolution in the lattice distortionmay be traced by following the energy peaking of
thewhite line. It is known that absorption edges are highly sensitive to the absorber oxidation state. It is also
known that onemay expect an increase in the peak energy due to octahedral contraction. Higher oxidation states
requiremore energetic x-rays to excite the core electron due to a less-shielded nucleus carrying a higher effective
charge [30]. It implies shorter bond lengths prompting edge energies increments.

Then, exploiting both facts, wemay understand the abrupt change in thewhite line peak position, as shown
infigure 6(A), as the pressure-driven passage from twounresolvedNi3+δ andNi3−δ, and non-equivalent
absorbers, at∼3.10±0.04 GPa to an effectiveNi3+ oxidation state of themetallic phase. There is a small change
in the unit cell volume due to theNi-O bond decrease induced by electronic delocalization at the TIM [15].

The Fourier transformof the EXAFS spectra, still at ambient temperature, gives another quantitative view.
This is shown infigure 6(B) as pseudo radial distribution functions (no phase shift correction) of the pressure
dependence of theNi-O first shell. As it was already anticipatedwhen dealingwith the temperature-dependent
case, in the high-pressure counterpart thefirst Ni shell (figure 6(B)) involving theNi-O oxygen bonds does not
show structure due to the limitation in the k space. The restricted EXAFS k range characterizes a low-resolution
study in the R space. TheNi-O bond lengths are not distinguishable and bond length differences within the two
Ni sites appear as a static disorder contribution to the total bond length dispersion.We thenfitted the pseudo
radial distribution functionwith themodel found in the temperature-dependent counterpart considering apical
(two nearest neighbors) and basal (four equalNi-O bonds), now,with correlated distances. Intuitively, short
bonds should be less reduced than longer ones by the application of an external pressure [49]. Accordingly, the
parameters changing in thefits common to both sets are the edge energy shift Eo, the bond length R, and the
Debye–Waller factorσ**2.

The octahedral bond contraction, figure 6(C), shows structuralmodification at the slope changes breaking
itsmonotonic pressure dependence.

This allows us to link the anomaly at the TIM, as shown infigure 6(A), to structural changes across themetal–
insulator transition. The pseudo radial distribution analysis indicated infigure 6(C), shows the abrupt change at
the TIM infigure 6(A) as a steep drop reflecting a rather strong bond contraction below 3 GPa. The
inhomogeneous charge distribution at the TIMwas identified in RNiO3 (R=Ho, Y, Er, Lu) by the symmetry

Figure 4. (A)Normalized absorption spectra at theNiK edge as a function of pressure at 300 K (dashed lines are guides for the eye). (B)
NiKpost-edge spectra up to 38 GPa and at 300 K. Inset: enhanced spectra showing the compound passage into themetallic phase.
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breaking of the oxygen positions implying simultaneous strong octahedral distortions [50]. These
crystallographicmeasurements showed that the charge disproportion completely vanishes at the insulator to
metal transitionwith an abrupt convergence of the two disproportionated sets, Ni1 andNi2 [5, 12]. The three-
bond lengths corresponding to themonoclinic distortion in the insulating phase changing to a unique threeNi-
Odistances of the orthorhombicmetallic [50].

Further increasing pressure induces a region of coexistence of orthorhombic to rhombohedral distortion
that, coincident with diffractionmeasurements [26], suggests amore or less deformed lattice evolving toward a
more symmetric topology through variations and coexistence of the superexchange angle.

Higher pressure triggers another break at above∼30 GPa, indicative of entering amostly rhombohedral
R-3c region. The angular lattice crossover goes from the 152° orthorhombic to the 165° rhombohedral onset of
the lattice symmetry sharedwith atmospheric pressuremetallic LaNiO3 [29].

3.4.High-pressure dependence of theNiK edge in SmNiO3 at 20 K
We recognize at 20 K, as shown infigure 7(A), the same sequence of pressure-induced changes in theNi-O bond
contraction. Several indicators suggest, however, amore static and localized condition for carriers.

Figure 5 shows pre-edge features having a longer energy span at 20 K. Although noisier, for a better fit it is
necessary to consider a possible A1 split into two Lorenztians assigned to the eg and t2g states. The second band,
A2, remainswithin the relative increased parameters found for the 300 K runs. The post-edgeC,figure 7(B), on
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Figure 5.Pressure dependent of normalizedNiK pre-edge XANES at selected pressures. Left column: 300 K; right column: 20 K.
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the other hand, clearly denotes the onset and gradual change towards themore conducting environment with
tracesmarking the passage through the already known intermediate steps of the different structural
rearrangements in themetallic phases.

Themost remarkable effect in this series at low temperature is, however, due to localization and the
environment created by theNi3+δ andNi3−δmonoclinic distortion in conjunctionwith the unresolvedNi edge.
The temperature-dependent localization that, on cooling at atmospheric pressure, drives the insulator tometal
transition [16] is enhanced by the application of external pressure. This increases the carrier correlation and thus
theCoulomb interaction that by hybridization governs interatomic distances as the volume decreases.We know
that in RNiO3 (R= rare earth≠ La) the small change in volume at the TIM implies afirst order transition in
whichmetallization takes place due to the electron correlation and structural distortion [2]. This results in a kind
of end product reordering of the bands according to theU/W< 1 ratio (Wbeing the factor susceptible to
pressure and temperature changes).

At 20 K, thewhite line peak energies are found to show amuch smoother evolution toward the point at
which the unresolved absorbersNi3+δ andNi3−δ changeweight in favor of theN3+ oxidation state.We
individualize this point as a change in the slope, onset by awhite line peak energy small increase towards a higher

Figure 6. (A)White lineNiK edge pressure-dependent peak energy at 300 K. (B) k 2weighed absolute value of the pressure-dependent
Fourier transformEXAFS oscillations at 300 K. (C)Pressure dependence of the averageNi-Obond length contraction from the
EXAFS fits at 300 K; full line is guide for the eye.

Figure 7. (A)Normalized absorption spectra at theNiK edge as a function of pressure at 20 K (dashed lines are guides for the eye). (B)
NiKpost-edge spectra up to 38 GPa and at 20 K. Inset: enhanced spectra showing the compound passage into themetallic phase.
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symmetryNi3+ octahedra (figure 8(A)). The slope change infigures 8(A) and (C) signals the passage to the
conducting phase at∼8.1±0.6 GPa.

That is, thesemeasurements yield a low-temperature scenario inwhich a pressure-driven disproportionated
insulating state undergoes amore continuousWpressure-induced band broadening. This thenmay be thought
of as if the first order character of the TIM transition turns into amix behavior adding a lattice displacive
constituent commonly found in almost all order–disorder phase transitions in innumerable simple distorted
perovskite oxides. Themixed character causes amore continuous second-order-like evolution of the distortion
ofNi-O bonds. Pressure-induced structural changes are concomitant with electronic localizationmimicking the
known rare ion size induced lattice distortion. The emerging of the conducting phase with higher symmetry
Ni3+ cations in a single octahedral scenario above 30 GPawould be associated to this. The gradual straightening
of theNiO6 octahedra governs the 3d-2p overlap.

Then, our new three points in the phase diagram, as shown infigure 10, are in essence consequences of the
Mott-like transition [51]. Localizing carriers lower the energy of the system, opening a gap. This can be upset by
applying pressure—broadening the states, reducing the ion bond distance, and thus increasing hybridization. In
RNiO3 (R= rare earth≠ La), the nature of the TIM transition is the result of the combined effect of theMott
band approach and the bond disproportion associatedwith disproportionated sites [52].

The 20 Kbehavior of the low-temperature white line peak and the stronger anomaly at 300 Kmay then be
seen as an alternative formapping the pressure phase diagramof SmNiO3. Consequent to an unresolved
absorber and octahedral contraction it converges into P–Tpoints identified as those at which the insulator to
metal transition phase transition takes place.

It is alsoworth noting that our∼8.1±0.6 GPa for the TIM at 20 K suggests a phase diagram for SmNiO3

closer and common to those known from resistancemeasurements earlier reported byObrador et al [22] and
Canfield et al [23] forNdNiO3 and PrNiO3. It suggests a behavior shared by allmembers of this family of
compounds. Our results ought to be viewed as a refinement of 6.2 GPa deduced from resistancemeasurements
identifying the pressure critical point. The apparent difference likely originates in an underestimation of the
applied pressure combinedwith the small pressure-induced differences in an already broad low-temperature
resistance curve (figure 4.22 in [9]). Ourwhite line peak energy evolution reflects an environment gradually
incrementing at 20 K the number ofmore symmetric octahedra accompanying the transition from insulator to
higher conductivity surroundings as the overlap ofO 2p andNi 3d bands increases.

We also follow octahedral shrinking by the analysis of the pseudo radial distribution at 20 K (figure 8(B)).
The change of bond lengths up to∼8.1±0.6 GPawhere the insulator tometal transition takes place, is in
agreementwith the preceding discussion. It is the same situationwith LaMnO3 [49]where theweak slope of the
initial points amounts to a reduction of octahedral tilting and a systematic decrease of the charge
disproportionate as a consequence of the compound effect of pressure and temperature-driven localization.
This trend abruptly changes at the temperature of the insulator–metal transitionwhere the increase in the

Figure 8. (A)White lineNiK edge pressure-dependent peak energy at 20 K. (B) k 2weighed absolute value of pressure-dependent
Fourier transformEXAFS oscillations at 20 K. (C)Pressure dependence of the averageNi-Obond length contraction from the EXAFS
fits at 20 K; full line is a guide for the eye.
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effectiveO2P bandwidth (W) closes the charge transfer gap [22, 23, 49]. Increasing pressure signals a netmajority
of undistorted octahedra in a fashion similar tofindings in the under pressure LaMnO3 [49] leading the system
into amultiphase region. In this region, as shown infigure 8(C), sublattice distortions are found sustaining
superexchange angles ranging fromorthorhombic to rhombohedral [26]. This last space group starts prevailing
at about 27 GPawhere there is an enhanced symmetrization. Another break in the slope at about 31 GPa yields
the gradual onset of a regionwith a rhombohedral primary pattern compatible with the R-3c space group.

3.5.High-pressure dependence of the SmL3 edge in SmNiO3 at 300 K and 20 K
In previous sections (iii) and (iv)we discussed structural changes which took place in the first oxygen
coordination shells at theNi edge. Figures 6(B) and 8(B) also reveal that in the pseudo radial distribution
functions at higher R there are strong changes in the shells at distances beyond the nearest neighbor oxygen. It
involves rare earth ions that either at 300 K or 20 K denote radial distribution oscillations at intermediate
pressures becoming damped in the rhombohedral phase. It suggests strong pressure-induced distortions for the
dodecahedral Sm cage.

Thismotivates us to study the L3 Sm edge under pressure. As it was stated in (ii), we established from the
temperature-dependent XAS absorption five different scattering paths accounting for the Sm-Obond distances.
They are convoluted in an asymmetric first shell envelope. Considering thesefive paths simultaneously allows,
unlike the averageweighted single bondmodel used in theNi-O analysis, choices for the correlations of different
Sm-Obond lengths that correlate independently from each other. At 20 K, from the possible combinations,
meaning sharing Eo, R andσ**2, the association of scattering paths 1 and 5 (figure 3, inset (b)) against the other
three yields good fits in the lower pressure range below 9 GPa. This ‘orthorhombic’model generates steep
changes in the bond length contractionsΔr1 andΔr2 (as represented by the crosses and dots infigure 9(B)).

A different combination set involving scattering paths 1 and 4 as the twomains begins to prevail at about
∼27 GPawhere it is foundΔr1 andΔr2 converging toward closer values suggesting a tendency toward smaller
distortions.More remarkably, the two contracting parametersmerge above 30 GPa into only one reflecting,
within the experimental error, the higher symmetric environment imposed by the high-pressure induced
rhombohedral phase. At intermediate pressures goodRfits result in rather chaotic differences for both
independent bond lengths. Seen as uncorrelated randomvariations of contraction parameters (shadowed
section infigure 9(B)), this is in agreementwith the conclusions discussed in section (iii) and (iv)usingNi as an
absorber, where it was found to coexist with a range of different superexchange angles [26].

Figure 9. (A)Normalized absorption spectra at the SmL3 edge as a function of pressure at 20 K. For better viewing, spectra have been
displaced vertically. (B) k 2weighed absolute value of pressure-dependent Fourier transformEXAFS oscillations at 20 K. (C)Pressure
dependence ofΔr1 andΔr2 (crosses and dots) average Sm-Obond contractions from the EXAFS fits at 20 K.
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4. Conclusions

Summarizing, we discussed temperature-dependent XASmeasurements of SmNiO3 in the antiferromagnetic,
paramagnetic, andmetallic phases between 20 and 600 K at theK-Ni and L3-Sm edges. These spectra, in
agreementwith earlier XASmeasurements for other RNiO3 (R= rare earth), allowed us to selectmain scattering
paths, and thus themodel, used in the high-pressure analysis.We commented on the pre-edge band origin, and
point to post-edge absorption increments as a useful tool for determining the transition to themetallic phase
concomitant to the reduction of electron–phonon interactions.

Pressure-dependent room temperatureNiwhite line peak energies have an abrupt valence discontinuity at
the TMI∼3.10±0.04 GPa fromnon-equivalentNi3+δ+Ni3–δ charge-disproportionated ions, considered as a
net unresolved absorber, turning intoNi3+ in the orthorhombically distorted, Pbnmmetal perovskite oxide
phase. This finding is consistent with room temperature strong anisotropic changes taking place in theNi-O
bond alongwith electronic delocalization above the TIM earlier found for small rare earth nickelates [50]. At
20 K, we found amuch smoother behavior due to localizationwith the insulator tometal transition shifting up
to the TIM∼8.1±0.6 GPa.

Applied pressures induceNi-O-Ni angle increments towardmore symmetricNi3+ octahedra in the
rhombohedral R¯3c space groupwhich is sharedwith room temperaturemetallic LaNiO3.Octahedral bond
contraction up to 38 GPa and at 300 K and 20 K shows breaks in itsmonotonic increase at the different
structural changes.

TheXAS at the SmL3 edge does not showdistinctive features either at 300 Kor 20 Kup about 35 GPa but the
perovskite Sm cage dodecahedral coordinated undergoes critical distortions at intermediate pressures wherewe
found coexistence of distorted octahedra and rhombohedral superexchange angles.

Our findings suggest that thewhite line pressure-dependent anomalymay be used as a sound alternative tool
for delineating pressure–temperature phase diagrams. In addition, the new points together with the available
data from the current literature, as shown in figure 10, suggest a commonality which is applicable to all P–T
phase diagrams in the RNiO3 (R= rare earth≠ La) family of compounds.
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