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A B S T R A C T

Establishing the Ruddlesden-Popper type layered perovskite structures for rare-earth nickelates (e.g., 
Ren+1NinO3n+1), by alternatively inserting one ReO rock-salt layer into n layers of the ReNiO3 perovskite, sheds a 
light on new freedom to regulate their metal to insulator transition (MIT) properties. Herein, we demonstrate 
continuously regulatable MITs enabling significantly enhanced resistive switches at high temperature range of 
500–560 K for La3-xBixNi2O7 (n=3), compared to conventional ReNiO3 with similar critical temperatures (TMIT). 
Anomalously small magnitudes in thermopowers are observed for the insulating La3-xBixNi2O7, compared to the 
113-type nickelates, indicating their distinguished bi-polar transport characters. The Bi substitution results in 
electron localization as indicated by the near edge X-ray absorption fine structure analysis, and elevates the hole 
contribution to the transportation to drive the thermopower associated with their insulating phase towards 
positive magnitudes. Furthermore, compared to ReNiO3, the La3-xBixNi2O7 exhibits higher material stability, 
paving the way to their applications.

The electron correlations within D-band transitional metal oxides, 
such as the family of perovskite nickelates, enables distinguished metal 
to insulator transitions (MIT) beyond conventional semiconductors [1]. 
As a representative case, the ReNiO3 experiences reversable charge 
disproportionation, e.g., Ni3+(t62ge1

g )→Ni(3±δ)(t62ge1±δ
g ), when descending 

(or elevating) temperature across a critical point (TMIT) [2–4]. This re
sults in abrupt variation in the electrical and optical properties that is 
useful in potential applications such as critical temperature resistive 
(CTR) thermistor [5], correlated electronic devices [6,7], thermochro
mic and infrared camouflage [8]. The ReNiO3 easily achieves a widely 
adjustable TMIT ranging from 100–600 K by altering its rare-earth 
composition [9]. For example, enlarging the rare-earth ionic radius 
straighten the Ni-O-Ni bond that narrows the energy band gap split from 
the upper Hubbard band (UHB, conduction band) of Ni-3d and O-2p 
(valance band) and therefore descend TMIT [10–12]. Furthermore, the 
ReNiO3 exhibits high material stability in air and even sea water, and 

this paves the way to their practical device applications [13]. Never
theless, the resistive switch across MIT (RInsul./RMet.) of ReNiO3 de
creases as TMIT increases, resulting in a less abrupt MIT behavior at high 
temperatures (above 400 K) for compositions after Sm [14], and this 
impedes the potential applications of ReNiO3 at high temperature 
ranges.

Establishing the Ruddlesden-Popper type layered perovskite struc
tures (e.g., Ren+1NinO3n+1) sheds a light to further improve the abrup
tion in MIT behaviors for the perovskite family of nickelates that extends 
their applications towards higher range of temperatures [15,16]. The 
structure of Ren+1NinO3n+1 can be seen as to insert one layer of ReO 
rock-salt structure within n layers of ReNiO3 perovskite structure 
[17–19]. This results in confinements of the carrier transportation along 
the NiO6 octahedra within the perovskite structure, and meanwhile 
reduce the valance state of Ni to introduce Ni2+ orbital configurates, e. 
g., Ni3+/Ni2+=(n-1)/1 [20]. As a result, an electron more localized 
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phase is expected for reducing n from infinitely large (e.g., ReNiO3) 
towards 1 (e.g., Re2NiO4), and this sheds a light on the emergency of 
additional MIT behaviors for Ren+1NinO3n+1 with n in between. This 
understanding was previously well supported in the more abrupt MIT 
behavior of La3Ni2O7 at a relatively high TMIT at 560 K compared to 
ReNiO3 with heavy rare-earth compositions [15], while La4Ni3O10 and 
La2NiO4 are in metallic and insulating phase, respectively, across an 
entire range of temperature [21–23]. Nevertheless, whether it is possible 
to further adjust the TMIT of Re3Ni2O7 yet remains as an open question to 
be explored, since a continuously adjustable MIT is vital for 
high-temperature applications.

In this work, we demonstrate more abrupt MIT behaviors with 
continuously adjustable TMIT within high temperature range of 500–560 
K in the layered perovskite nickelates La3-xBixNi2O7, compared to the 
ReNiO3 exhibiting similar TMIT. The regulation in lattice constants and 
electronic structures via Bi substitution of La3Ni2O7 were investigated 
by structural refinement of their X-ray diffraction (XRD) patterns and 
synchrotron based near edge X-ray absorption fine structure analysis 
(NEXAFS), respectively. The respective adjustment in their electrical 
transportation properties were characterized within a temperature 
range of 5–300 K and further fitted by using the nearest-neighbors 

hopping model, while the presence of an anomalous transition in the 
type of carriers was indicated by the thermopower of La3-xBixNi2O7. In 
addition to achieving a larger resistive switch at high TMIT compared to 
ReNiO3 with middle or heavy rare-earth composition, we also highlight 
the higher material stability in both air and Ar atmosphere up to 1130 ◦C 
and 1000 ◦C, respectively, paving the way to their applications in higher 
temperature ranges.

We synthesized a series of La3-xBixNi2O7, La3-xPrxNi2O7 and La3- 

xNdxNi2O7 with x ranging from 0.025 to 0.3 via conventional solid-state 
reaction in air at 1100 ◦C. Fig. 1a demonstrates a representative XRD 
pattern for as-made La2.95Bi0.05Ni2O7, while more of their respective 
XRD patterns for La3-xBixNi2O7 are shown in Figure S1. At a low Bi 
substitution ratio (e.g., x < 0.1), as-synthesized powder exhibits a 
layered perovskite structure similar to La3Ni2O7 without the observation 
of obvious impurity phases. The crystal structure of such 327-type 
Ruddlesden-Popper layered perovskite is further illustrated in the inset 
of Fig. 1a, where a single rock-salt layer (e.g., LaO) are alternatively 
stacked with two layers of perovskite structure (LaNiO3). As synthesized 
powders are in rectangular shape at micrometer size, as demonstrated 
by their representative SEM morphologies shown in Fig. 1b.

The lattice parameters of as-synthesized La3-xBixNi2O7, La3- 

Fig. 1. (a) The XRD patterns for La2.95Bi0.05Ni2O7 (circles) together with its fitting results via XRD Rietveld refinement (full line). (b) The scanning electron mi
croscopy (SEM) micrographs for La3Ni2O7. (c) The respective lattice parameters (a, b, c) and (d) the volume of unit cell (VUnit) plotted as a function of the ratio in the 
lighter rare-earth substitution (x) for the La3-xBixNi2O7 (x = 0, 0.025, 0.05, 0.1, 0.2, 0.3), La3-xPrxNi2O7 (x = 0.05, 0.15, 0.3), and La3-xNdxNi2O7 (x = 0.05, 0.15, 0.3). 
The near-edge X-ray absorption fine structure (NEXAFS) analysis for (e) the Ni-L edge and (f) the O-K edge as measured for the nominally synthesized powder of La3- 

xBixNi2O7(x = 0, 0.05, 0.1).
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xNdxNi2O7 and La3-xPrxNi2O7 were determined from Rietveld refine
ment of their XRD patterns (see more details in Figure S1 and Figure S2) 
as plotted in Fig. 1c as a function of x, and this is further compared to 
substituting the La-site by conventional rare-earth elements (e.g., Pr and 
Nd). It can be seen that the Bi substitution of La results in slight ex
pansions in a and b, while c shows a nonmonotonic tendency, e.g., firstly 
expands for increasing x to 0.025 and afterwards slightly decreases. This 
is in contrast to the tendencies for substituting the La-site by smaller 
rare-earths such as Pr or Nd, in which situations more monotonic 
shrinkages are observed with an increasing x. In Fig. 1d, a non- 
monotonic tendency is observed for La3-xBixNi2O7 as their unit cell ex
pands rapidly when enlarging x until 0.025 and afterwards shrinks a bit. 
In contrast, the unit cell for La3-xPrxNi2O7 and La3-xNdxNi2O7 shrinks 
monotonically with an increasing x. It indicates the distinct regulation in 
structures via Bi substitution of the La compared to the common rare- 
earth substitution, in which case the unit cells of La3-xBixNi2O7 do not 
simply expand via substituting La3+ with the larger and more covalent 
Bi3+.

To further investigate the respective regulation in electronic struc
tures, the Ni-L and O-K edges of La3-xBixNi2O7 were probed by the near 
edge X-ray absorption fine structure (NEXAFS) analysis, as demon
strated in Fig. 1e and 1f, respectively. The Ni-L edge originates from 
electron transition from 3d to 2p, while the O-K edge reflects Ni3d-O2p 
hybridization and Re-O coupling [24]. Compared to ReNiO3 and NiO, 
La3Ni2O7 has predominant 3d8L occupation state, with expanded sat
ellite peak at the Ni-L edge and high pre-peak at O-K edge [25]. 
Comparing the Ni-L edge NEXAFS spectrum as shown in Fig. 1f, a 
decreasing tendency in the peaks at the Ni-L3 and Ni-L2 energies is 
clearly observed with an increasing of Bi doping ratio. Comparing the 
O-K edge NEXAFS spectra of La2.95Bi0.05Ni2O7 and La2.9Bi0.1Ni2O7 to 
that of La3Ni2O7 shown in Fig. 1e, we can clearly see that the main effect 
is the reduction in the pre-peak height in the spectrum for La3-xBixNi2O7 
with an increasing x. It suggests that oxygen vacancies are gradually 
decrease and the ground state is closer to α|3d8˃+β|3d9L˃ [25].

These observations indicate the reduction in Ni3+ configuration 
compared to Ni2+ when substitute the La-site by Bi in La3-xBixNi2O7. It 
also demonstrates the difference for the present Bi substitution 
compared to conventional rare-earth substitutions for perovskite nick
elates [11,26]. Usually, rare-earth substitution via the ones with larger 
ionc radius should straighten the Ni-O-Ni bond angle and strengthen the 
Ni3+ configuration compared to the Ni2+ in ReNiO3, but this is not the 
present case although the Bi3+ is larger than La3+. Compared to con
ventional rare-earth ions that mainly determines the relative distortion 
of the NiO6 octahedra, the Bi3+ is more covalent and can more directly 
participate to the formation of the conduction and/or valance bands. 
The orbital interaction associated with Bi-O compete with and weakens 

the one associated with the previous Ni-O, and therefore descend the 
valance of Ni.

Fig. 2a demonstrates the temperature dependence of the material 
resistivity (ρ-T) for La3-xBixNi2O7 with various Bi substitution composi
tion (x), while the ρ-T tendencies for La3-xNdxNi2O7 and La3-xPrxNi2O7 
are demonstrated in Figure S3. In general, a weak insulating (or bad 
metal) ρ-T tendency was observed below TMIT, while further elevating 
the temperature results in metallic transportation behavior as more 
clearly demonstrated in Figure S4. The magnitude of TMIT as further 
shown in Figure S5, respectively for La3-xBixNi2O7 and La3-xNdxNi2O7 
(La3-xPrxNi2O7). It can be seen that the TMIT of La3-xBixNi2O7 effectively 
descends from 560 K to 500 K when increasing x up to 0.3. Afterwards, 
the TMIT remains constant by further increasing x (e.g., up to 0.4), as 
more clearly demonstrated in the inset of Fig. 2a. In contrast, no obvious 
regulations in the TMIT are observed in La3-xNdxNi2O7 and La3-xPrxNi2O7, 
compared to La3Ni2O7.

To confirm the role of Bi substitution in the regulation of TMIT, 
instead of potentially varying the oxygen composition (or generating 
vacancy), we annealed representative samples of La3-xBixNi2O7 (x = 0, 
0.04, 0.1) in 10 MPa-high oxygen pressures at 800 ◦C for 24 h. As their 
XRD patterns shown in Figure S6, the high-oxygen pressure annealed 
La3Ni2O7 and La2.96Bi0.04Ni2O7 maintains the pristine 327-typed layered 
perovskite structure, with a slightly rightwards shift in their diffraction 
peaks indicating the shrinkage in lattice constants. In contrast, further 
increasing x (e.g., up to 0.1) varies their crystal structure towards a more 
stable 214-type layered perovskite structure. Figure S7 compares the ρ-T 
tendency of La3-xBixNi2O7 (x = 0, 0.04, 0.1) before and after the high 
oxygen pressure anneals, and it can be seen that compensating the ox
ygen vacancy via high pressure oxygen anneals reduces the material 
resistivity. However, the TMIT of La3Ni2O7 remained stable while that of 
La2.96Bi0.04Ni2O7 slightly descends.

In Fig. 2b, the resistive switch (ρInsul./ρMet.) across TMIT are compared 
for as-synthesized La3-xBixNi2O7 to the ones for the 113-type perovskite 
nickelates. It demonstrates the more abrupt MIT property as achieved in 
La3-xBixNi2O7 compared to the ReNiO3 with middle or heavy composi
tion showing similar TMIT [11,27–29]. It is also interesting to note the 
nonmonotonic tendency in the resistive change of La3-xBixNi2O7 with an 
increasing x, as more clearly shown in the inset of Fig. 2b. Differs to the 
situation of Bi substitution, the changes in ρInsul./ρMet. are not significant 
when substituting the La-site with other rare-earth (e.g., Pr and Nd) as 
demonstrated in Fig. 2b (see more details in Figure S8 and Figure S9).

The ρ-T tendencies of as-grown La3-xBixNi2O7, La3-xNdxNi2O7 and 
La3-xPrxNi2O7 were also characterized at the low temperature range, as 
shown in Fig. 3a. It is interesting to note that the La3Ni2O7 or substituted 
La3Ni2O7 exhibits a smaller temperature dependence below TMIT, 
compared to the insulating (or semiconductive) phase of ReNiO3. 

Fig. 2. (a) The temperature dependent resistivity as measured for La3-xBixNi2O7(x = 0, 0.025, 0.04, 0.05, 0.1, 0.2, 0.3, 0.4) in air atmosphere via both process of 
heating up (full line) and cooling down (broken line). (b) The variation in material resistivity across TMIT, (ρInsul./ρMet.), plotted as a function of TMIT for the samples 
made in our work and the previous reports [11,27–29].
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Substituting the La with Nd or Pr elevates the ground state resistivity, 
while Bi substitution of La firstly elevates the resistivity of La3-xBixNi2O7 
(e.g., up to x = 0.04) and afterwards reduces the resistivity.

In Fig. 3b, the temperature dependences of the thermopower (S-T) 
are compared for La3-xBixNi2O7, La3-xNdxNi2O7 and La3-xPrxNi2O7. It can 
be seen that the La3Ni2O7 exhibits a relatively small thermopower with 
negative magnitudes indicating its transportation as dominated by 
electrons, while no significant variations in the S-T tendency are 
observed when substituting La by Nd or Pr. In contrast, substituting La 
by Bi results in nonmonotonic adjustment in the thermopower of La3- 

xBixNi2O7 with x, towards the positive magnitude and maximized at x =
0.05. This indicates that the type of major carrier corresponding for the 
electrical conductance was switched from the previous electrons to
wards the holes.

From the ρ-T and S-T tendencies, the activation energy (Ea) associ
ated with the carrier transportation as well as the energy band gap (Eg) 
were further calculated. In brief, from the slope of the ln (ρT/ρ50 K)- 
1000/T tendency, the Ea can be further derived as plotted in Figure S10. 
The magnitudes of the Seebeck coefficient has a maximum value (|S|max) 
at specific temperature (Tmax) and can be used to estimate their energy 
band gap (Eg) under nondegenerate approximation, as Eg=2eTmax|S|max 
[30]. In Fig. 3c, it can be seen that both Ea and Eg experience 
non-monotonic variations when substituting the La-site with Bi, e.g., 
their peak magnitudes appear at x = 0.05. This differs to the situations 
when performing conventional rare-earth substitutions for the ReNiO3, 
in which cases Ea is monotonically increasing when reducing the 
rare-earth radius (e.g., substituting La by Nd or Pr).

In Fig. 3d, the thermopower of La3-xBixNi2O7, La3-xNdxNi2O7 and La3- 

xPrxNi2O7 measured at room temperature are plotted as a function of 
their respective electrical conductivity, and this is further compared 
with ReNiO3 as well as other representative oxide semiconductors 
[31–36]. It can be seen that in general, the magnitude is the |S| of 
nickelates is smaller compared to conventional semiconductors at 

similar magnitude of electronical conductance. In particular, compared 
to the ReNiO3, the 327-type layered perovskite nickelates exhibits much 
smaller thermopower that is nearly not dependent to their electrical 
conductivity. It unveils that both electrons and holes may contribute for 
the major carrier transportation in these 327-type layered perovskite 
nickelates. Considering the NEXAFS results shown in Fig. 1e and 1f, the 
weakening in Ni-O orbital interaction via effective Bi substitution is 
expected to arouse more localized electron transportations within 
La3-xBixNi2O7, and this elevates the hole contribution to the trans
portations and alters the thermopower towards the positive magnitude.

Apart from the above distinguished electronic feature and regulat
able MIT behaviors associated with La3-xBixNi2O7, their material sta
bility is also important to potential device applications. The material 
stability of La3-xBixNi2O7 is further investigated by performing ther
mogravimetric analysis (TGA), as shown in Fig. 4a. It can be seen that 
the La3Ni2O7 exhibits a high decomposition temperature of ~1230 ◦C in 
air and ~1050 ◦C in argon, while the decomposition temperature was 
slightly reduced via Bi substitution (e.g., ~1130 ◦C in air and ~1000 ◦C 
in argon for La2.9Bi0.1Ni2O7) but still largely exceed the ones for ReNiO3 
(e.g., ~900 ◦C for SmNiO3 in air [37]). As the representative XRD pat
terns of the air annealed samples shown in Fig. 4b, the La2.9Bi0.1Ni2O7 
annealed at 1100 ◦C well preserve its pristine crystal structure, while 
further elevation in the annealing temperature varies their crystal 
structure towards a more stable 214-type layered structure.

In summary, we show adjustable MIT properties in La3-xBixNi2O7 
with TMIT from 500 to 560 K, featuring a more abrupt resistive switch 
than previous ReNiO3 with middle or heavy rare-earth compositions. 
The Bi substitution up to x = 0.3 results in effective lattice expansion and 
relieves the distortion in the NiO6 octahedra of La3-xBixNi2O7, as indi
cated by XRD refinement. Nevertheless, the Bi substitution strengthens 
the electron localized Ni2+ configuration compared to the electron 
itinerant Ni3+ within La3-xBixNi2O7 as demonstrated by NEXAFS, owing 
to the more covalent nature of Bi3+ that compete bonding with oxygen. 

Fig. 3. (a) The temperature dependent resistivity as measured for the La3-xBixNi2O7 (x = 0, 0.025,0.04,0.05, 0.1,0.2,0.3), La3-xPrxNi2O7(x = 0.05, 0.15, 0.3), and La3- 

xNdxNi2O7 (x = 0.05, 0.15, 0.3) sintered in air atmosphere. (b) The temperature dependent Seebeck coefficient as measured for La3-xBixNi2O7(x = 0, 0.025,0.04,0.05, 
0.1,0.2,0.3,0.4) in air atmosphere. (c) The derived activation energy of carrier hopping for the La3-xBixNi2O7(x = 0, 0.025, 0.04, 0.05, 0.1, 0.2, 0.3), La3-xPrxNi2O7 (x 
= 0.05, 0.15, 0.3) and La3-xNdxNi2O7 (x = 0.05, 0.15, 0.3) and the energy band gap of the La3-xBixNi2O7(x = 0.025, 0.04, 0.05, 0.1, 0.3). (d) The S-σ (σ: electrical 
conductivity) for the La3-xBixNi2O7(x = 0, 0.025, 0.04, 0.05, 0.1, 0.2, 0.3), La3-xPrxNi2O7 (x = 0.05, 0.15, 0.3) and La3-xNdxNi2O7 (x = 0.05, 0.15, 0.3) samples in this 
work with conventional thermoelectric compounds, such as ReNiO3 [31], doped SrTiO3 [32–34], BiSeCuO [35], and filled CoSb3 [36].
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It is also worth noticing anomalously small magnitudes in the thermo
powers of the insulating La3-xBixNi2O7, compared to the one observed in 
ReNiO3 at similar electrical conductivity. This indicates the distin
guished bi-polar transport characters for La3Ni2O7, while the Bi substi
tution results in electron localization and thereby elevates the hole 
contribution to the transportation to drive the thermopower of their 
insulating phase towards the positive magnitude. A nonmonotonic 
variation in the abruption of MIT was observed for varying the Bi- 
substitution ratio, while a large ρInsul./ρMet. ratio exceeding one order 
of magnitude was achieved at high TMIT above 540 K for La2.96Bi0.04

Ni2O7. Compared to the ReNiO3 with similar high TMIT, the La3-xBix

Ni2O7 exhibits higher material stability up to 1130 ◦C and 1000 ◦C in air 
and Ar atmospheres, respectively, paving the way to their potential 
applications at high temperature ranges.
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