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Pressure Induced Unstable Electronic States upon 
Correlated Nickelates Metastable Perovskites as Batch 
Synthesized via Heterogeneous Nucleation
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Establishing condensed matters at their thermodynamically metastable or 
unstable structures demonstrates merit in the adjustability of their electronic 
structures, benefiting the discovery of emerging new material functionalities 
and applications. Herein, a molten-salt assisted heterogeneous nucleation 
approach is demonstrated to significantly improve the effectiveness in batch 
synthesis of metastable perovskites correlated oxides, such as rare-earth 
nickelates (ReNiO3) with various rare-earth compositions. In contrast to 
their conventional synthesis via solid state reactions, herein the metastable 
ReNiO3 is heterogeneously precipitated together with potassium chloride 
(KCl) within the liquid phase of KCl molten-salt that effectively dissolves 
the Ni-/Re- precursors and largely enhances their reaction homogeneity. 
With this solid base overcoming their synthesis metastabilities, the beyond 
conventional electronic transportation of ReNiO3 under high pressure is 
explored. It breaks the conventional thermodynamic equilibrium and triggers 
the formation of new electronic structures associated with unstable insu-
lating and metallic SmNiO3 beyond already known manners. The unstable 
insulating SmNiO3 exhibits nontemperature-dependent transportation 
character similar to saturation or bad metals but preserves 2–3 orders higher 
electronic conductivity, while a kinetic related hysteresis is observed in the 
temperature-dependent transportations of the unstable metallic SmNiO3. 
These discoveries with nonequilibrium correlated materials are worthy to be 
explored further.
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minimum energy principle that restricts 
the achievable crystal structures at a given 
material composition.[1–3] It effectively 
broadens the adjustability in the electronic 
structures and transportation properties 
for semiconductors,[4–6] shedding a light 
on the discovery of emerging new mate-
rials functionalities that does not exist 
in conventional equilibrium condensed 
matters. As one of the most representa-
tive metastable quantum materials, the 
perovskite structured rare-earth nickelates 
(ReNiO3) exhibit complicated multiple 
electronic states that are ultrasensitive 
to external stimulus, such as tempera-
ture,[7–11] electronic polarization,[12] chem-
ical[13–16] or electrochemical doping,[17–19] 
structural distortions,[20–26] etc. Triggering 
the electronic transitions among the mul-
tiple quantum states of ReNiO3 or hydro-
genated ReNiO3 enriches new applications 
in electron correlated electronics, such as 
correlated logical devices,[12] neuron-syn-
apse quantum computing,[16] correlated 
proton conductors,[15] weak current ocean 
sensor,[17] and biosensors.[18]

It is worth noting that the complexity 
in the electro-/magnetoquantum states 
within ReNiO3 originates from their 

electronic orbital configurations as largely determined by the 
structural distortions of NiO6 octahedron at high tolerance to 
metastability.[7,10] For example, the electronic energy gap splits 
within the hybridized O-2p and Ni-3d orbitals can be effectively 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202000987.

1. Introduction

Establishing condensed matters at their thermodynamically 
metastable or unstable status can break the conventional 
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widened via bending more the NiONi bonds, resulting in 
widely adjustable metal to insulator transitions (MIT)[7] and 
thermistor transportation behaviors.[10,11] Nevertheless, the 
intrinsic high metastability within ReNiO3 meanwhile enlarges 
the difficulties in their material synthesis, which is by far one of 
the most critical bottlenecks that impede their practical applica-
tions in correlated electronics.[7–11,27] It is not possible to syn-
thesize ReNiO3 (except for LaNiO3) via conventional solid-state 
chemical reactions, owing to the positive magnitude in their 
formation free energy (DG).[7,27] Although ReNiO3 with stable 
MIT behaviors were previously synthesized via high oxygen-
pressure solid state reactions,[7–9,22–26] their batch synthesis 
catering device applications is yet rather difficult. The main dif-
ficulties are associated with the low homogeneity and ineffec-
tive diffusion among the reactant precursors during solid state 
reactions, while mechanical agitation is nearly impossible at 
high oxygen pressures and high temperatures.

In this work, we largely improve the effectiveness in batch 
synthesis of ReNiO3 with adjustable rare-earth compositions, 
by developing a molten-salt assisted heterogeneous nucleation 
(MSAHN) synthetic approach. In contrast to the previous high 
pressure solid state reactions, herein the Re and Ni containing 
precursors are homogenously dissolved within the liquid 
phase molten-salt composed of potassium chloride (KCl). Uti-
lizing the surface coherency and chemical bonding between 
ReNiO3 (010) and KCl (001), the powder of metastable ReNiO3 
is further heterogeneously coprecipitated together with KCl by 
descending temperature below the melting point of the molten 
salt, and separated out simply via water rinsing. Beyond the 
conventional explorations of ReNiO3 in their metastable states, 
we further trigger their unstable electronic orbital configura-
tions by externally imparting high pressures up to 20 GPa, and 
in situ investigate their resultant electronic transportations. 
Combining the elevated thermodynamic unstability via pres-
sure regulations with their intrinsic orbital correlations and 
transitions, we discover distinguished transportation charac-
ters within the unstable insulating and metallic phases ReNiO3 
beyond ones already known previously.

2. Results and Discussion

The central issue in synthesizing metastable ReNiO3 (Re ≠ La) 
is to reduce their positive formation free energies (DG) to nega-
tive magnitudes and thermodynamically draw the potential 
towards the formation of their distorted perovskite phase.[7,11,27] 
We notice that the DG in crystal growth can be more reduced 
via well designed heterogeneous nucleation processes,[11,20] e.g., 
by introducing a postremovable heterogeneous seed crystal to 
facilitate the nucleation of metastable ReNiO3. The crystalline 
KCl is expected to be such a candidate, owing to the following 
two reasons. 1) As illustrated in Figure  1a–c, rotating the KCl 
(001) anticlockwise by 35.9° results in perfect lattice match with 
the plane of SmNiO3 (010), resulting in a reduction in DG by 
0.28 J m-2 at their coherent growth estimated by first principle 
calculations (as more details shown in Section S1, Supporting 
Information). Noticing their typical magnitude in synthetic 
metastability of ≈101  kJ per mole,[27] a spontaneous nucleation 
of ReNiO3 on KCl seed crystals with 101–102  nm in scale is 

possible. 2) It is possible to in situ precipitate the KCl as seed 
crystal from its melt by descending temperature across 773 °C 
together with the metastable ReNiO3, while the solidified KCl 
can be easily dissolute in water to filter out ReNiO3.

Following the above consideration, we developed a KCl 
molten-salt assisted heterogeneous nucleation strategy to syn-
thesize the powder of metastable ReNiO3 via the three steps as 
illustrated in Figure 1d. In the first step, the oxide precursors, 
such as Re2O3 and NiO, are mixed at the stoichiometry ratio 
together with the KCl inside a quartz crucible. The crucible 
was heated to temperatures beyond 800 °C at 10  MPa oxygen 
pressure to completely melt the KCl and dissolve the oxide pre-
cursors. In the second step, the melt was slowly cooled down 
below the melting point of the molten salt, in which process 
the metastable ReNiO3 coprecipitate heterogeneously together 
with the KCl seed crystal. In the third step, the final solidified 
material cooling to room temperature is rinsed in water under 
ultrasonic for several times to dissolve KCl and separate out the 
powder of ReNiO3.

As-proposed synthetic approach was first applied to SmNiO3. 
In Figure 2a, we compare the X-ray diffraction (XRD) patterns 
of the oxide final product obtained under different representa-
tive reaction conditions (see their indexation Figure S5, Sup-
porting Information). It is worth noting that the desired perov-
skite phase SmNiO3 is only obtained at the presence of the 
KCl molten-salt and applying high oxygen pressure during the 
molten salt reactions, while the absence of their each results in 
mixtures of Re2O3 and NiO as final products. The successfully 
synthesized powder of metastable perovskite SmNiO3 exhibits 
cubic shape with an edge length of 1–2 µm, as its morphology 
demonstrated by the scanning electron microscopy (SEM) 
observations in Figure 2b. Its cation stoichiometry was further 
confirmed by performing energy dispersion spectrum (EDS) as 
shown in Figure S3 (Supporting Information). Compared to the 
previously synthesis of ReNiO3 via solid-state reactions, the Ni- 
and Re-containing precursors can more homogenously react 
via dissolving within the liquid phase of the KCl molten salt. 
This could largely enhance the tolerance in the powder sizes 
and dispersions of the used precursors compared to the previ-
ously used solid state reactions, as the presently used precursor 
exhibit much larger powder size (see Figure S4, Supporting 
Information) than the SmNiO3 final product. After the syn-
thesis, as-used KCl molten salt was completely removed from 
the final product via several cycles of ultrasonic water rinsing.

To characterize the metal to insulator transition properties, 
as-synthesized SmNiO3 powder was compressed and sintered 
into polycrystalline bulk samples. Figure  3a shows the typical 
temperature dependence of resistivity (R–T) for the SmNiO3 
polycrystalline bulk sample, while its cross-sectional SEM 
morphology is shown by the inset. An abrupt transition in the 
electronic transportation from insulator (or semiconductor) 
to metal is observed for the presently grown SmNiO3 bulk 
sample when elevating temperature across a TMIT of 100 °C, 
which is in agreement with the previous reports for polycrys-
talline SmNiO3.[7–9,12] We further extend the MSAHN approach 
in the synthesis of other ReNiO3 with single or binary rare-
earth compositions, such as EuNiO3, GdNiO3, NdxSm1-xNiO3 
and EuxSm1-xNiO3, (see their XRD patterns in Figure S5, Sup-
porting Information). The high flexibility in regulating the 
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rare-earth composition occupying the A-site of the perovskite 
structure makes it possible to achieve more continuous adjust-
ment[7–10] of the electronic structure and metal to insulator 
transition behaviors for as-synthesized ReNiO3. This is demon-
strated in Figure 3b, where the TMIT of SmNiO3 was effectively 
reduced to 45 °C via Nd substitution, while Eu substitution of 
Sm elevated the TMIT to 115 °C.

The largely simplified batch synthesis of ReNiO3 paves the 
way to explore the emerging electronic transportations and 
functionalities, beyond their conventional metastable states, by 
further imparting high pressures that triggers their unstable 
electronic structures.[22–26] Although the TMIT of ReNiO3 was 
previously reported to reduce linearly with the imparted high 
pressures,[22–24] the respective regulations in electronic struc-
tures and transportations for the individual insulating and 
metallic phases is yet unclear. It is worth noting that the tem-
perature associated material functionality beyond MIT indeed 
exists, as demonstrated by the recently discovered negative TCR 
thermistor transportation in the insulating phase of ReNiO3 
at a broad temperature range far below TMIT.[10,11] Analogically, 
whether there could be any more emerging material functional-
ities existing within the individual insulating or metallic phased 
ReNiO3 associated to high pressures beyond MIT is worthy to 
be explored.

Following the above considerations, we further investigate the 
structure and electronic transportation properties of SmNiO3 
under extreme conditions of high pressures up to 10 GPa. As illus-
trated in the right upper inset of Figure 3a, high pressures were 
imparted upon SmNiO3 within a diamond anvil cell (DAC), while 
the resultant variations in crystal structures were in situ character-
ized by using XRD and refinement. Figure 6 (Supporting Infor-
mation) shows the XRD patterns of SmNiO3 in situ measured 
under various magnitudes of high pressures and more details 
about the refinement process. Plotting the lattice volume as a 
function of pressure as shown in Figure 3a indicates an approx-
imately linear shrinkage in the unit cell of SmNiO3 induced by 
high pressures by -0.8 Å3 per GPa. Nevertheless, the shrink-
ages are not homogenously allocated within the three dimen-
sions. This is demonstrated in Figure 3b that shows the pressure 
dependence of the orthorhombic lattice parameters up to the 
maximum pressure of 13.7 GPa. It can be seen that increasing the 
pressure first enhances the difference in a and b parameters until 
reaching 5.3 GPa, after which the difference in a and b becomes 
smaller. The complexity in the various pressure dependence in a, 
b, and c indicates a compliant pressure response within the lat-
tice of SmNiO3 via inhomogeneously distorting or tilting the NiO6 
octahedron, and the resultant impact on the electronic structure 
and correlated electronic transportations are further expected.

Adv. Funct. Mater. 2020, 2000987

Figure 1. Top view of a) KCl (001) surface and b) SmNiO3 (010) surface and c) side view of SmNiO3 (010)/ KCl (001) interface. The primitive- and 
supercell of both SmNiO3 and KCl surfaces are indicated by the black and blue boxes. The purple, green, silver, red and strawberry spheres refer to K, 
Cl, Ni, O and Sm atoms, respectively. d) Schematic illustrations of as-proposed synthetic approach for ReNiO3 based on the KCl molten-salt assisted 
heterogeneous nucleation process.
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Figure  3c shows the resistivity (ρ) in situ characterized for 
SmNiO3 under various magnitudes of externally imparted high 
pressure (P) range up to 22 GPa at room temperature, where 
a reducing ρ-P tendency is observed following a P-0.75 rela-
tionship. The R–T tendencies in situ measured for SmNiO3 
under various magnitudes of the imparted high pressures are 
compared in Figure  3d, while their respective ln[R(T)/R0]-T-1 
relationships are demonstrated in Figure S7 (Supporting Infor-
mation). The unpressurized SmNiO3 exhibits a negative R–T 
tendency within the temperature range of 2–300 K, and this 
is in agreement with the negative TCR thermistor transporta-
tion behavior as previously reported for the insulating phase 
of SmNiO3.[10,11] Fitting its R–T tendency by R(T)  = R0exp[Ea
(kBT)-1], where the Ea is the activation energy and kB repre-
sents the Boltzmann constant, indicates a thermal activation 
energy (Ea) of ≈0.03  eV (see the inset of Figure  3d) required 
for the carrier transportation among the NiO6 octahedrons via 
a hopping mode.[10,28] In contrast, imparting high pressures of 
1.2–5.0 GPa significantly reduces the temperature dependence 

of the resistivity, resulting in Ea approaching to zero by fitting 
their R–T tendency within the investigated range of tempera-
ture. It is also worth noting that the sharpness in the metal 
to insulator transitions is reduced by imparting high pressures 
upon SmNiO3, while the respective transition temperature 
at the high-pressured unstable states (TUS-MIT) is descended 
(see a closer comparison of R–T in Figure S8, Supporting 
Information).

In Figure 4a, the respective magnitude of TUS-MIT is demon-
strated as a function of the magnitude of imparted high pres-
sures (P) upon SmNiO3. In contrast to the linear reduction of 
TUS-MIT with P as reported previously for the less metastable 
ReNiO3 such as NdNiO3 and PrNiO3,[22–24] as-observed TUS-MIT–P 
tendency for SmNiO3 better follows a lg(TUS-MIT) = -0.13P +2.6 
tendency (TUS-MIT with unit in K, while P in GPa). This is more 
clearly demonstrated in Figure S9 (Supporting Information), 
where a better linearity is observed for lg(TUS-MIT)–P compared 
to the previously expected TUS-MIT–P. Noticing that the presently 
proposed lg(TUS-MIT)–P linear tendency can indeed also better fit 
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Figure 2. a) X-ray diffraction patterns of as-synthesized SmNiO3 powder, compared to the ones from other typical conditions, such as mixing the pris-
tine oxide precursors, high pressure annealing without KCl and normal pressure annealing with KCl. b) Morphology of as-synthesized SmNiO3 powder 
from scanning electron microscopy at various magnifications. c) Temperature dependence of the resistivity for as-synthesized SmNiO3 polycrystalline 
bulk sample with the inset showing its cross-sectional morphology from scanning electron microscopy. d) Metal to insulator transition behavior for as-
synthesized SmNiO3, Nd0.25Sm0.75NiO3, Eu0.25Sm0.75NiO3 polycrystalline bulk samples demonstrated by their temperature dependence of the resistivity 
and temperature coefficient of resistance (TCR, shown in inset).
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some previously reported pressure tendencies for NdNiO3 and 
PrNiO3 by refs. [22, 24] (Figure S10, Supporting Information).

In Figure  4b, we further compare the kinetic related varia-
tions in the R–T tendencies, e.g., measured first in the cooling 
down process and afterwards the heating up process, for the 
unstable metallic phase of SmNiO3 under 9.6 and 8.4  GPa. A 
clear hysteresis is observed in the R–T tendencies measured in 
the two different processes across the entire temperature range 
associated with the unstable metallic phase, which was previ-
ously not observed in the conventional metallic ReNiO3.[8–10] 
These observations indicate a phonon excited hysteric and 
gradual variations in electronic structures of the unstable 
metallic phase of SmNiO3, while as observed hysteresis loop 
implies the presence of energy deposition and exchanges.

In contrast to the conventional correlated oxides in their 
thermodynamically stable states, the high pressure triggered 
nonequilibrium introduces an additional freedom in manipu-
lating the orbital configurations associated to P apart from 
T. At a high compressive unstable metallic state, the subtle 
variation in lattice vibrations with changing temperatures is 
related to extra energy exchanges with the external environ-
ment associated to the pressure applied work. This results in 
the kinetic (or process) dependence in the R–T tendency at a 
constant P, noticing that the electronic orbital configurations 
within ReNiO3 are ultrasensitive to the subtle structural vari-
ations via altering the temperature. In Figure S11 (Supporting 

Information), we further estimate the difference in Coulomb 
orbital energy for unstable metallic phase of SmNiO3 at the 
same T and P but associated with the respective heating up and 
cooling down processes. Since the difference in orbital energy 
states is reflected by the variations in carrier activation energy 
(Ea,Cool and Ea,Heat), integrating (Ea,Heat–Ea,Cool) over temperature 
indicates the relative variations in Coulomb orbital energies 
between the two processes. Following this understanding, there 
is a postponed energy releasing (up to 0.1 and 0.02  eV under 
9.6 and 8.4 GPa, respectively) at the beginning of the afterwards 
heating up process, compared to the initial cooling down the 
same T and P.

The above demonstrations clearly demonstrate the distin-
guished electronic transportation characters resultant from the 
high pressure induced unstable electronic states within both 
metallic and insulating ReNiO3 that are not achievable in con-
ventional metals and semiconductors. In Figure 4c, their tem-
perature dependences in electronic conductance (σ) are further 
compared to typical metals, saturating metals, as well as the 
conventional metallic and insulating ReNiO3. As its electronic 
structure illustrated in Figure  4d left, the Eg for conventional 
insulating phase SmNiO3 is expected to be negatively related to 
the temperature via gradual orbital transitions that results in the 
negative TCR thermistor transportation behavior.[10] Imparting 
1 GPa external pressure upon the insulating phase of SmNiO3 
merges the conduction and valance bands that effectively 
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Figure 3. a) The volume of SmNiO3 unit cell and b) the respective lattice constants plotted as a function of pressure, which are obtained from the refine-
ment of their X-ray diffraction patterns measured in situ under high pressures. The upper right inset in (a) illustrates the construction of the diamond 
anvil cell (DAC) used in this work to generate high pressures, while the left bottom inset illustrates the crystal structure of SmNiO3. c) Resistivity (ρ) 
of SmNiO3 at room temperature measured as a function of the magnitude of as-imparted high pressures. d) The temperature tendency of resistance 
(R–T) measured for SmNiO3 under various magnitudes of pressures. The inset shows the activation energy (Ea) derived from their ln[R(T)/R0]–T-1 
relationship for SmNiO3 under various pressures.
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reduce its electronic resistivity to the magnitude approaching 
the metallic phase of SmNiO3 even far below TU-MIT, as illus-
trated in Figure 4d (middle). It is more interesting to note that 
even at such a high electronic conductance, the pressured insu-
lating phase of SmNiO3 exhibits a nearly constant R–T ten-
dency similar to saturation metals or bad metals,[29,30] as shown 
in Figure  4c. These observations indicate the formation of a 
new unstable insulating phase of SmNiO3, the electronic struc-
ture of which is more dominated by the imparted pressures 
(UCoulomb–P). This overwhelms (or freezes) the thermal induced 
gradual transitions in the electronic structures (UCoulomb–T) of 
the conventional insulating phase SmNiO3 that weakens the 
temperature dependence in its electronic transportations.

Further elevating the external pressure beyond 10  GPa 
strengthens more the metallic phase of SmNiO3 via overmerging 
the bandgap (see Figure  4d, right), while the compliance in 
orbital transitions via pressure regulations is saturated. At 
such a high pressure range, the orbital configurations and elec-
tronic transportations of the unstable metallic phase SmNiO3 
are demonstrated to be process dependent, as previously indi-
cated by the hysteresis in their R–T shown in Figure 4b. From 
a thermodynamic perspective, enhancing the lattice vibrations 
is expected to promote the tendency that recovers the highly 
distorted NiO6 octahedron toward its equilibrium manner. Fol-
lowing this understanding, elevating temperature will releases 
the overmerging of conduction and valance bands and increase 

Adv. Funct. Mater. 2020, 2000987

Figure 4. a) Metal to insulator transition temperature at a pressure induced unstable state (TUS-MIT) plotted as a function of the magnitude of the 
externally imparted high pressure (P). b) Hysteresis observed in the R–T tendency of unstable metallic SmNiO3 under 8.4 and 9.6 GPa measured first 
by cooling down and afterwards heating up. c) Comparing the temperature-dependent electronic conductance (σ) of the metastable insulating and 
metallic phase SmNiO3 achieved in this work with the ones from typical metals, saturating metals, as well as the conventional phase of metallic and 
insulating rare-earth nickelates. d) Illustrating the orbital configurations for the conventional insulating phase (left), pressured unstable insulating 
phase (middle) and further pressured unstable metallic phase (right) of SmNiO3.
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the electronic resistivity for the pressured unstable metallic 
phase ReNiO3. It is also worth noting that it electronic structure 
of ReNiO3 based on Ni3+ orbital configuration can be further 
driven toward electron localized multiple states via gradually 
generating oxygen vacancy.[31] This also brings in opportunities 
to further explore new electronic phases of ReNiO3 combining 
high pressure regulations and electron doping.

3. Conclusion

We developed a molten-salt assisted heterogeneous nucleation 
approach that effectively achieves batch synthesis of metastable 
rare-earth nickelates with flexibly adjustable rare-earth com-
positions. In contrast to the conventional synthesis of their 
powder materials via high pressure solid state reactions, herein 
the Ni-/Re-containing precursors were dissolved within the 
liquid phase of KCl molten salt that largely enhances their reac-
tion homogeneity. Owing to the surface coherency and chem-
ical bonding between ReNiO3 (010) and KCl (001), reducing the 
temperature below the melting point of KCl results in hetero-
geneous coprecipitation of ReNiO3 that can be simply separated 
via water rinsing. The elevated effectiveness in synthesizing 
metastable ReNiO3 further paves the way to explore their cor-
related transportations under high pressure in the range of 
1–10  GPa. High pressure triggers the formation of unstable 
insulating and metallic electronic states with distinguished 
transportation behaviors beyond conventional. For example, the 
unstable insulating SmNiO3 (e.g., several GPa) keeps similar 
small temperature dependence in electronic transportation, 
compared to saturation or bad metals, at a much higher elec-
tronic conductance by two to three orders. Furthermore, hyster-
esis is clearly observed in the R–T tendency of unstable metallic 
SmNiO3 (e.g., 10 GPa) measured via cooling down and heating 
up, revealing its kinetic-related electronic transportation at both 
freedoms of thermal and compressing regulations.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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