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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Rare-earth nickelate (ReNiOj3, with Re # La) constitutes a paradigmatic class of strongly correlated electron systems,
exhibiting a remarkable tunability of the metal-insulator transition (MIT) in response to external stimuli such as hydro-
static pressure, temperature, and chemical doping. This tunability arises from the competitive interplay among charge,
spin, and orbital degrees of freedom. However, the fundamental mechanisms governing the effective control of the MIT
under extreme conditions, particularly the intricate coupling between lattice dynamics and electronic localization, remain
elusive. This knowledge gap poses a significant challenge to both fundamental research and practical applications of these
materials. Herein, we present a systematic investigation of the structural phase transitions and electrical transport prop-
erties of HoNiO3 under extreme conditions. In situ high-pressure x-ray diffraction (XRD) analysis uncovers a structural
evolution pathway: an initial transition from a monoclinic insulating phase (P2 /n) to an orthorhombic metallic phase
(Pbnm) at approximately 17 GPa, followed by the emergence of a mixed-phase region (Pbnm and R3c) at approximately
35 GPa. Complementary electrical transport measurements reveal a pronounced sensitivity of the metal-insulator transition
temperature (Tpqrr) to the synergistic effects of high pressure and low temperature. These findings not only provide crucial
experimental evidence for elucidating the structure—property relationship in HoNiO3 under extreme conditions, but also lay
a conceptual foundation for designing advanced functional devices based on ReNiO3 materials, with promising applications
in high-sensitivity pressure sensors and temperature-responsive switches featuring tunable activation thresholds.

Keywords: metal-insulator transition (MIT), electrical transport properties, high pressure, x-ray diffraction

(XRD)
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1. Introduction

The perovskite oxides ReNiO3; have recently attracted
growing interest in condensed matter physics and functional
materials science, owing to their intriguing electronic struc-
tures featuring strongly localized 3d orbitals and the result-
ing exotic physical properties.!'=3! SmNiO3, for instance, ex-
hibits unique weak electric-field sensing capabilities in seawa-
ter environments, providing a novel material platform for un-
derwater electric-field detection technologies with enhanced
stability.[*>! However, there remains a critical research gap
in ReNiOs-based device applications, particularly regarding
systematic investigations of their metal-insulator transition
(MIT) under extreme conditions, which are essential for deep-
sea adaptation and anisotropic charge transport behavior. 7]
The complex interplay among lattice, charge, and orbital de-
grees of freedom under non-equilibrium conditions hinders
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the understanding of the crystalline structure evolution of
ReNiOs3, thereby impeding a comprehensive understanding of
their pressure-sensitive behaviors, precise performance modu-
lation through atomic-scale engineering, and rational design of
functional devices for extreme-environment applications. 810!

Application of external pressure enables the stabiliza-
tion of non-equilibrium states of perovskite oxides by reduc-
ing their atomic bond lengths, which dramatically enhances
electron—electron correlations and modifies orbital hybridiza-
tion strength. These collective effects cooperatively drive a
series of well-defined structural phase transitions, accompa-
nied by distinct electronic property modulations.!'!! The struc-
tural phase transitions in ReNiO3 are accompanied by valence
state changes of Ni ions, arising from charge redistribution and
orbital-selective electron transfer.['?! This electronic reorga-
nization induces band overlap between the valence and con-
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duction bands, driving an insulator-to-metal transition through
progressive collapse of the charge gap.!'3-'3! It is notewor-
thy that Kondo insulators are predominantly realized in rare-
earth-based compounds, which exhibit correlated metallic be-
havior in the high-temperature regime due to partial screen-
ing of local moments.!'% The ReNiO; (Re = Pr, Nd, Sm,
..., Eu) series undergoes a structural phase transition from
orthorhombic (Pbnm) to rhombohedral (R3¢) symmetry un-
der hydrostatic pressure.['>17-22] Notably, EuNiO3 exhibits
this orthorhombic-to-rhombohedral transition at pressures ex-
ceeding 30 GPa.l!819.2324] In contrast, HONiO3 undergoes a
monoclinic-to-orthorhombic phase transition at Ty = 583 K,
with no rhombohedral phase transition reported to date.[?>-2°!

Compared to conventional semiconductor devices, these
oxide-based systems exhibit superior functional versatility
and possess inherent advantages for future nanoscale minia-
turization, including enhanced electron correlation effects
and atomic-scale structural adaptability.!”’”! To address this,
we integrate diamond anvil cell (DAC) technology with
synchrotron-based in situ x-ray diffraction (XRD) and four-
probe resistivity measurements, enabling direct observation
of pressure-induced crystalline evolution and concurrent elec-
tronic transport changes.”?”1 A systematic investigation of
the phase transition behavior in HoNiO3 across distinct pres-
sure regimes provides crucial insights into the intrinsic corre-
lation between crystalline structure evolution and MIT charac-
teristics at the atomic level. These findings offer new perspec-
tives for understanding the fundamental physics of strongly
correlated electron systems through combined structural and
electronic probes.?% The scientific significance of this work
is manifested in three key aspects: (1) Our systematic in-
vestigation of HoNiO3’s MIT under extreme pressure condi-
tions provides the first comprehensive phase diagram for this
prototypical correlated oxide, addressing a longstanding gap
in high-pressure condensed matter physics. (2) We establish
structure—property relationships between lanthanide ionic ra-
dius, oxygen octahedral distortions, and electronic phase tran-
sitions, advancing the fundamental understanding of rare-earth
tuning in quantum materials. (3) The discovery of abrupt
resistivity switching and anomalous thermal responses un-
der pressure reveals promising applications in next-generation
threshold-type piezoresistive sensors and thermally activated
electronic devices, creating new avenues for functional oxide
electronics.

2. Experimental methods
2.1. Synthesis method

HoNiOj3 rare-earth nickelate powders were synthesized
via a eutectic molten salt-assisted heterogeneous precipitation
(EMSHP) method. Stoichiometric precursors of Ho,O3 and

NiO in a molar ratio of 1:2 were dissolved in a KCI-LiCl
molten salt mixture. The eutectic composition of KCl and
LiCl at a 4:6 molar ratio effectively lowered the melting point
of the salt system. The reaction was conducted at temperatures
ranging from 500 °C to 800 °C under an oxygen pressure of
15 MPa for 12 h. Subsequently, the melt was slowly cooled to
room temperature to facilitate powder crystallization, followed
by repeated rinsing with deionized water under ultrasonication
to remove residual KCI and LiCl salts. The as-obtained pow-
ders were uniaxially cold-pressed into green pellets and sub-
jected to a secondary annealing process under identical tem-
perature and pressure conditions to enhance crystallinity for

subsequent characterization.3!!

2.2. Sample characterizations

The ambient-pressure XRD patterns were acquired on
beamline BL17UM at the Shanghai Synchrotron Radiation Fa-
cility (SSRF) using a monochromatic x-ray beam with a wave-
length of 0.6209 A. Ambient-pressure scanning electron mi-
croscopy (SEM) characterization was performed at the High
Pressure Science and Technology Advanced Research Cen-
ter (HPSTAR), where energy-dispersive x-ray spectroscopy
(EDS) was employed for quantitative elemental composition
analysis using an FEI Versa 3D system. High-pressure XRD
measurements were performed at the BL17UM station of
SSRF using a monochromatic x-ray beam with a wavelength
of 0.4834 A. The HoNiO; sample was loaded into a DAC
sample chamber together with a ruby sphere for pressure
calibration, while neon was employed as a quasi-hydrostatic
pressure-transmitting medium. All two-dimensional XRD
patterns were collected in transmission geometry and sub-
sequently processed using the Dioptas software package for
data integration and analysis, *?! with particular attention paid
to the elimination of diamond anvil diffraction interferences
during data reduction. The unit cell volume (V) was deter-
mined from high-pressure XRD data using the GSAS-II soft-
ware package for Rietveld refinement. The interplanar spac-
ing ratio (d/dy) was derived through detailed analysis of the
XRD diffraction patterns, where individual Bragg reflections
were precisely fitted using PeakFit software with pseudo-Voigt
functions to account for instrumental broadening effects. Both
structural parameters were cross-verified through multiple re-
finement cycles to ensure consistency across the entire inves-
tigated pressure range.

High-pressure low-temperature electrical transport mea-
surements were performed at HPSTAR using a physical prop-
erty measurement system (PPMS, Quantum Design, USA).
The four-probe method was employed for high-pressure trans-
port characterization, with Pt wires serving as the electrodes.
The DAC was utilized to apply hydrostatic pressure, enabling
in situ resistance measurements as a function of pressure.
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HoNiO3 was loaded into the sample chamber of the DAC,
which is composed of a mixture of cubic boron nitride and
epoxy resin, with pressure calibration achieved through ruby
fluorescence peak shifts. Specifically, four Pt wires were con-
figured as electrodes and connected in a standard four-terminal
geometry to minimize contact resistance. The DAC-mounted
HoNiO3 sample was then integrated with the PPMS for high-
pressure low-temperature electrical transport studies.

3. Results and discussion

Figure 1(a) reveals that the polycrystalline HONiO3 sam-
ple consists of well-defined bulk grains with sizes around
3 pm, exhibiting sharp edges and smooth surfaces, which
clearly demonstrate the high crystallinity of the as-prepared
sample. As shown in Fig. 1(b), EDS analysis confirms the
elemental ratio of Ho:Ni:O to be approximately 1:1:3, indi-
cating the successful synthesis of the target material with the
desired stoichiometry. Figure 1(c) displays the XRD pattern
obtained at ambient pressure, which can be indexed to the
monoclinic space group P2;/n (PDF#51-0395). The excellent
agreement between the observed diffraction peaks and the Ri-
etveld refinement profile further confirms the high purity and
crystalline quality of the sample. The refined lattice parame-
ters are determined to be a = 5.1803(14) A, b = 5.4983(12) A,
c=7.4077(17) A, and B = 89.993(8)°.

To investigate the structural phase transition behavior of
HoNiO3 under GPa-level pressures, we have conducted high-
pressure XRD measurements using a DAC.[3334! Figure 2(a)
reveals the structural evolution of HoNiO3 under pressure. At
ambient conditions, the compound crystallizes in the insu-
lating P2 /n phase with low symmetry. Upon compression,
all diffraction peaks exhibit pronounced right shifts, indicat-
ing substantial lattice compression. Concurrently, the system-
atic disappearance and merging of subsidiary peaks demon-
strate a pressure-induced symmetry enhancement, suggest-
ing a progressive structural transition toward higher-symmetry

31351 Owing to strong correlation effects among mul-

phases.!
tiple electronic degrees of freedom, ReNiO3 exhibits remark-

ably rich physical properties, including a pressure-tunable

MIT that can be triggered at room temperature through lat-

36.37] At a critical

tice modification and bandwidth control.!
pressure of 16.9 GPa, the system undergoes a complete struc-
tural phase transition from the insulating monoclinic (P2 /n)
to the metallic orthorhombic (Pbnm) phase, accompanied by
a dramatic change in electronic properties. In the space
group P2, /n, the single Ni site undergoes structural dispropor-
tionation, splitting into two distinct configurations: Ni3-9+
and Ni3+9)+ [38.39] These two NiOg octahedra exhibit signif-
icantly different average Ni—O bond lengths, creating an al-
ternating pattern of contraction and expansion along all three
crystallographic axes. This bond-length disproportionation di-
rectly manifests partial charge segregation on the Ni sites,
with the distinct average Ni—O distances serving as a struc-
tural signature of the electronic instability.[?%*! Upon enter-
ing the metallic state (Pbnm), the system stabilizes in a single
Ni** configuration, accompanied by uniform contraction of
unit cell parameters, which is characteristic of isotropic transi-
tion metal oxides under pressure-induced metallization.!?®! At
35.2 GPa, the system forms a mixed phase of Pbnm and R3e,
where the enhanced symmetry reduces lattice distortions and
potentially reopens a band gap. This enables precise control
of the MIT through structural distortion and orbital ordering
mechanisms, thereby stabilizing the electronic transport prop-
erties against external perturbations.

Figures 2(b)-2(d) present magnified views of selected
diffraction peaks, highlighting the local structural evolution
under pressure. In Fig. 2(e), the interplanar spacing ratios ex-
hibit progressively increasing separation at the critical pres-
sures of 16.9 GPa and 35.2 GPa, reflecting systematic lattice
distortion and anisotropic compression behavior. Figure 2(f)
demonstrates a continuous linear reduction in unit cell volume
with increasing pressure, where the observed slope changes
at specific pressures provide clear evidence for phase transi-
tions occurring within these pressure intervals. Figure 2(g)
presents the Rietveld refinement patterns of the correspond-
ing space groups under different pressures, where the gradual
disappearance and merging of satellite peaks become clearly
visible with increasing pressure, indicating a pressure-induced

structural phase transition. [*!]
Element (c) ~ Exp.
- : o Cal.
SRl = PZJ/'L” Diff.
20.77 5 A=0.6209 A | HoNiO,
58.00 .
£ =
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.‘i
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e
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Fig. 1. Morphological and structural characterization of HoNiO3 under ambient conditions. (a) SEM image with a scale bar of 2 um, revealing
well-faceted microstructures with uniform morphology. (b) EDS spectrum confirming the stoichiometric composition of Ho, Ni, and O. (c)
Rietveld refinement of the synchrotron powder XRD pattern (A = 0.6209 A), demonstrating high phase purity and crystallinity.
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Fig. 2. Structural characterization of HoNiO3 under high pressure. (a) Room-temperature synchrotron XRD patterns of HoNiO3 from 0.9 GPa
to 47.0 GPa in a neon atmosphere, with a wavelength of 0.4834 A. The green dashed line indicates the shift of the Re foil peak position. (b)
Enlarged view of the diffraction angle range from 7° to 8°. (c) Enlarged view of the diffraction angle range near 11°. (d) Enlarged view of the
diffraction angle range from 16° to 18°. (e) Pressure dependence of the relative interplanar spacing (d/dy) for selected crystallographic planes.
(f) Relationship between pressure and the unit cell volume, with inset images showing the sample chamber before and after the measurement.
(2) Rietveld refinements of the synchrotron XRD patterns at three representative pressures: the P2; /n space group at 0.9 GPa (bottom), Pbnm at
16.9 GPa (middle), and a mixed phase of Pbnm and R3¢ at 47.0 GPa (top).

Figure 3(a) reveals characteristic insulating behavior at
0.7 GPa and 3.2 GPa, where the system evolves from a room-
temperature bad metal to a low-temperature insulator with
residual conductivity. The metallic resistivity in this regime
is predominantly governed by electron—phonon scattering, as
evidenced by the characteristic temperature dependence of the
resistivity curves.[*!! Figure 3(b) shows Tyyr = 174 K under
10.3 GPa, where the low-temperature insulating phase origi-
nates from strong Coulomb repulsion between localized car-
riers, consistent with a Mott—Hubbard transition scenario, as
evidenced by the characteristic hysteresis loop and activation
energy scaling.[*?! Remarkably, hydrostatic pressure induces
a continuous suppression of Ty, reaching 63 K at 28.9 GPa.
This pressure-driven transition bridges an antiferromagnetic
insulating ground state and a paramagnetic metallic phase, re-
vealing a direct correlation between the electronic transition
and the collapse of magnetic order in the phase diagram. (3]

Figure 3(c) shows that at a pressure of 26.2 GPa, the
electrical transport properties of HoNiO3 remain strongly gov-
erned by electronic correlation effects, establishing a strongly
correlated metallic state. The distinct inflection point observed

in the plot delineates two regimes. In the low-temperature

region (to the left of the inflection point), the significantly
steeper slope of Inp versus 1/7T,1461 reflects enhanced tem-
perature dependence. This behavior, extending beyond the
mere suppression of electron—phonon scattering, is attributed
to the dominance of strong electron—electron interactions aris-
ing from substantial on-site Coulomb repulsion, potentially
coupled with residual lattice distortions from the parent in-
sulating phase. Conversely, the high-temperature region (to
the right of the inflection point) exhibits a comparatively gen-
tler slope, signifying that the insulating state has been fully
suppressed, granting electrons itinerant character and complet-
ing the pressure-induced metallization transition. Figure 3(d)
reveals a metal-insulator transition at Tygt = 47 K under
24.0 GPa. The observed discrepancy in Tyt between Run 1
and Run 2 (with lower values in Run 2) originates from exper-
imental variations, including sample thickness, inter-electrode
distance, and electrode—sample contact area. Above 34.0 GPa,
the pressure dependence of Tyt weakens significantly, reach-
ing 43 K at 58.0 GPa.
metal undergoes a transition into a narrow-gap insulating state,

Upon cooling, the Kondo lattice

which may potentially host topological surface states. Concur-
rently, conduction electrons screen the magnetic moments of
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Ho ions through the Kondo effect, forming coherent transport

a process dominated by strong f-electron hybridization and

channels via the establishment of many-body Kondo singlets, ~ quantum coherence effects.!*!
(2) 1000 (b)
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Fig. 3. Pressure-dependent electrical transport properties of HoNiO3. (a) Resistance—temperature characteristic curves measured in Run 1 under
DAC compression from 0.7 GPa to 3.2 GPa, showing characteristic insulating behavior. The illustration shows the use of the standard van der
Pauw four-probe method in a DAC with a 400 um diamond table. (b) RT characteristics from Run 1 in the 6.6-28.9 GPa range, where the black
dashed line marks the pressure evolution of Tyyr. (c) Resistivity (p) as a function of log 7" for HoNiO3 over the temperature range from 10 K
to 310 K; the inset displays the curve of Inp versus T~'. The initial thickness of the sample was 30 pm, and the estimated thickness under this
pressure is 25 um. 8] (d) High-pressure RT profiles from Run 2 (24.0-58.0 GPa), demonstrating the complete suppression of the insulating state
at extreme pressures.
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Fig. 4. Pressure-dependent resistance at room temperature. (a) Pressure dependence of resistance at 300 K extracted from Run 1. (b) Four-cycle
resistance—pressure relationship of HoNiO3 at room temperature (O—11 GPa). The arrows indicate the deviation between the unloading pressure

(determined from the pressurization resistance—pressure curve) and the ruby pressure standard measurement.

Figure 4(a) demonstrates, through decompression data,
that HoNiO3 exhibits remarkable reversibility, exceptional
stability, and superior charge transport characteristics under

extreme conditions. To evaluate potential pressure-induced
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ture. ReNiO3 exhibits a pronounced pressure-sensitive resis-
tivity under applied pressure, characterized by abrupt resistiv-

31491 We performed

ity transitions with high reproducibility. !
systematic multi-cycle testing with in situ structural charac-
terization, confirming the material’s exceptional cycling sta-
bility without detectable degradation. The key challenge for
device implementation lies in precisely controlling the transi-
tion threshold pressure while maintaining structural integrity
under cyclic loading conditions.>"!

The decompression data show remarkable reversibility.
The deviation between the pressure values obtained by sub-
stituting the actual pressure-release data into the exponen-
tially fitted pressure-rise curve and the corresponding exper-
imental unloading measurements is less than 1.5 GPa, demon-
strating excellent measurement consistency and material sta-
bility. These results demonstrate that HoNiO3 exhibits ex-
ceptional reversible behavior, high structural stability, and su-
perior charge transport characteristics under extreme condi-
tions, making it an ideal candidate for resistive sensor appli-
cations where both high sensitivity and long-term stability are
critically required. With increasing cycle numbers, HoNiO3
demonstrates minimal electrical resistance variation over the
6—11 GPa pressure range, along with excellent cycling stabil-
ity and reproducible piezoresistive behavior, indicating signif-
icant potential for high-performance pressure sensing applica-
tions under extreme conditions.

4. Conclusion

This study systematically investigates the structural evo-
lution and charge transport properties of HoNiO3z under ex-
treme conditions. The key scientific findings are as follows:
(1) Ambient-pressure characterization using SEM microscopy,
EDS elemental mapping, and XRD Rietveld refinement con-
firms the successful synthesis of phase-pure, well-crystallized
HoNiOj3 polycrystals with homogeneous elemental distribu-
tion and virtually no secondary phases. (2) A sequence of
pressure-induced structural transitions is observed, progress-
ing from the monoclinic P2;/n phase to the orthorhombic
Pbnm phase, and subsequently forming a mixed-phase regime
(Pbnm + R3c) under pressure. These transitions may be ac-
companied by distortions in Ni—O bond angles and compres-
sive lattice contraction, reflecting the interplay between struc-
tural reorganization and electronic correlations under extreme
conditions. (3) Analysis of electrical transport characteristics
reveals that pressure significantly affects the resistance behav-
ior; notably, the electrical response near Ty demonstrates the
material’s sensitivity to both temperature and pressure.

In summary, our findings on HoNiO3 under extreme con-
ditions provide crucial experimental insights into pressure-
induced structural transitions and their implications for next-
generation piezoresistive devices. The revealed complex in-

terplay of electronic, lattice, and spin degrees of freedom in
ReNiOj3 establishes a materials design paradigm for develop-
ing novel functional materials operating under extreme envi-
ronments, with potential applications spanning quantum sen-
sors and adaptive energy systems.
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