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Abstract: Rare-earth nickelates (RENiO3) show widely tunable metal-to-insulator transition (MIT) properties with ignorable variations in
lattice constants and small latent heat across the critical temperature (TMIT). Particularly, it is worth noting that compared with the more
commonly investigated vanadium oxides, the MIT of RENiO3 is less abrupt but usually across a wider range of temperatures. This sheds
light  on their  alternative applications as  negative temperature coefficient  resistance (NTCR) thermistors  with high sensitivity  compared
with the current NTCR thermistors, other than their expected use as critical temperature resistance thermistors. In this work, we demon-
strate the NTCR thermistor functionality for using the adjustable MIT of NdxSm1−xNiO3 within 200–400 K, which displays larger mag-
nitudes of NTCR (e.g.,  more than 7%/K) that is  unattainable in traditional NTCR thermistor materials.  The temperature dependence of
resistance (R–T) shows sharp variation during the MIT of NdxSm1−xNiO3 with no hysteresis via decreasing the Nd content (e.g., x ≤ 0.8),
and such a R–T tendency can be linearized by introducing an optimum parallel resistor. The sensitive range of temperature can be further
extended to 210–360 K by combining a series of NdxSm1−xNiO3 with eight rare-earth co-occupation ratios as an array, with a high mag-
nitude of NTCR (e.g., 7%–14%/K) covering the entire range of temperatures.
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1. Introduction
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The  metal-to-insulator  transition  (MIT)  achieved  in  3d-
correlated  transitional  metal  oxides  prompts  abrupt  vari-
ations in the electronic and/or optical properties beyond con-
ventional semiconductors, enabling applications such as crit-
ical  temperature  resistance  thermistors,  correlated  logical
devices, and thermochromism [1–6]. Among the MIT mater-
ial family, rare-earth nickelates (RENiO3) exhibit an excep-
tionally complex electronic phase diagram and multiple elec-
tronic  phase  transitions.  For  instance,  a  reversible  charge
disproportionation  (or  antidisproportionation)  related  to  the
Ni3+ ↔ Ni(3±δ)+ occurs across a critical temperature (TMIT) that
prompts  the  conventional  MIT  properties  of  RENiO3.  An
overwhelming advantage in the MIT of RENiO3 is the wide
and continuous tunability in TMIT (e.g., within 100–600 K) by
simply adjusting its rare-earth composition. For example, re-
ducing the rare-earth ionic radius (rRE) within RENiO3 weak-
ens the orbital overlapping between Ni 3d and O 2p, which
increases  the  relative  stability  of  the  insulating  phase  com-
pared  with  the  metallic  phase  and  thus  increases TMIT [7].
Aside from the conventional MIT, the 3d orbital configura-
tion of  Ni  can be further  switched among Ni3+ ( ),  Ni2+

( )  and  Ni1+ ( )  via  a  hydrogen  (or  lithium)-related

Motronic  process.  Direct  manipulation  of  the  orbital  occu-
pancy  leads  to  the  further  discovery  of  novel  electronic
phases within RENiO3, such as the electronically highly cor-
related  phase  associated  with  Ni2+ and  the  nickelate  super-
conductor corresponding to Ni+ [8]. The abundant electronic
states of RENiO3 provide a new paradigm for further explor-
ing  emerging  electronic  applications  such  as  proton-doped
memory  devices  [9–11],  synaptic  devices  [12–14],  and  re-
configurable perovskite devices [15].

Nevertheless,  the  present  application  of  RENiO3 merely
focuses on a single device pixel at a destined rare-earth com-
position, while their further array application via integrating
RENiO3 with  different  rare-earth  compositions  has  not  yet
been fully explored. It is worth noting that precise control in
the ground electronic phase of RENiO3 can be realized by ad-
justing  the  co-occupation  ratio  of  two  rare-earth  elements,
which  determines  the  average  magnitude  of rRE.  This  was
previously  shown  by  the  linear  variation  in  the TMIT of
NdxSm1−xNiO3 with the rare-earth co-occupation atomic ratio
x. Thus, establishing arrays of multiple RENiO3 pixels offers
new  freedom  from  the  perspective  of  their  electronic  per-
mutation and combination in  further  extending their  correl-
ated electronic applications.

In  this  work,  a  method  was  proposed  to  achieve  precise 

 
✉ Corresponding author: Jikun Chen      E-mail: jikunchen@ustb.edu.cn
© University of Science and Technology Beijing 2024

INTERNATIONAL JOURNAL OF
Minerals, Metallurgy and Materials

Volume 31, Number 7, July 2024
Page 1694

Research Article https://doi.org/10.1007/s12613-023-2816-1

mailto:jikunchen@ustb.edu.cn
https://doi.org/10.1007/s12613-023-2816-1
https://doi.org/10.1007/s12613-023-2816-1
https://doi.org/10.1007/s12613-023-2816-1
https://doi.org/10.1007/s12613-023-2816-1
https://doi.org/10.1007/s12613-023-2816-1
https://doi.org/10.1007/s12613-023-2816-1
https://doi.org/10.1007/s12613-023-2816-1
https://doi.org/10.1007/s12613-023-2816-1
https://doi.org/10.1007/s12613-023-2816-1
https://doi.org/10.1007/s12613-023-2816-1
https://doi.org/10.1007/s12613-023-2816-1


temperature  measurement  using  the  negative  temperature
coefficient resistance (NTCR) of RENiO3 within the MIT re-
gion.  Compared  with  a  conventional  NTCR  thermistor,
RENiO3 displays a  larger  temperature coefficient  resistance
(TCR) due to the abrupt transition from an insulator to a met-
al  when  reaching  a  critical  temperature.  Thus,  it  is  anticip-
ated  that  the  use  of  RENiO3 for  temperature  measurement
would give a higher accuracy and sensitivity. However, hys-
teresis exists in the resistance curves as a function of temper-
ature for some RENiO3 with a single rare-earth composition
(e.g., NdNiO3). As a consequence, we selected and prepared
NdxSm1−xNiO3 with different  Nd/Sm atomic ratios (x = 0.2,
0.33, 0.4, 0.5, 0.6, 0.67, 0.75, 0.8, and 1). Their temperature
dependence on resistance (R–T) exhibits sharp MIT variation
across a temperature range of 200–400 K with no hysteresis
except for x =1. In addition, for NdxSm1−xNiO3 with various x,
their  total  resistance  after  paralleling  an  optimum  constant
resistor indeed varied linearly with temperature within a spe-
cific temperature range. In addition, the linear coefficient of
total  resistance  with  temperature  was  much  larger  in
NdxSm1−xNiO3 than  that  in  conventional  NTCR  thermistors
because  of  larger  magnitudes  of  NTCR that  originate  from
their sharp MIT and is unachievable in conventional NTCR
thermistor materials. Thus, it can be expected that integrating
an array of NdxSm1−xNiO3 with different x values can be ap-
plied  to  measure  the  temperature  with  high  sensitivity  and
precision in the future. 

2. Experimental 

2.1. Sample preparation

NdxSm1−xNiO3 powders with x = 0, 0.2, 0.33, 0.4, 0.5, 0.6,
0.67,  0.75,  0.8,  and  1  were  prepared  using  the  KCl  molten
salt–assisted high oxygen pressure reaction approach repor-
ted  in  our  previous  work  [16].  Typically,  rare-earth  oxides
(Nd2O3, Sm2O3), NiO, and KCl were mixed and ground at a
molar ratio of 1:2:2 in an agate mortar. The obtained mixture
was transferred into a quartz tube and then calcined at 800°C
and  10  MPa  oxygen  pressure  for  24  h.  Next,  the  obtained
powder  was  rinsed with  deionized water  and ethanol  to  re-
move  KCl  and  residual  water.  Finally,  the  powder  was
pressed into pellets and further sintered at 800°C and 10 MPa
oxygen pressure for 24 h. 

2.2. Characterization

The  crystal  structures  of  the  as-prepared  NdxSm1−xNiO3

powders  were  verified  by  X-ray  diffraction  (XRD,  Rigaku
SmartLab).  The  lattice  constants  of  NdxSm1−xNiO3 were
measured  by  Rietveld  refinement  using  FullProf  software.
The  morphologies  of  the  samples  were  characterized  by
scanning  electron  microscopy  (SEM)  with  a  JEOL  JSM
6510A electron microscope. Near-edge X-ray absorption fine
structure  (NEXAFS)  was  conducted  at  the  BSRF-4b9b
beamline of  the Beijing Synchrotron Radiation Facility,  In-
stitute  of  High  Energy  Physics,  Chinese  Academy  of  Sci-
ences  to  reflect  the  electronic  structures  of  NdxSm1−xNiO3.

The resistance as a function of temperature for NdxSm1−xNiO3

was determined from 5 to 300 K using a  physical  property
measurement  system  (Quantum  Design  Inc.,  China)  and
above 300 K using a commercialized CTA system. 

3. Results and discussion 

3.1. Initial concepts

As illustrated in Fig. 1(a), NdxSm1−xNiO3 shows a distor-
ted perovskite  and continuously tunable TMIT by simply ad-
justing the Nd/Sm ratios (x from 1 to 0) within 200–400 K. It
is worth noting that the resistivity of RENiO3 exhibits an ab-
rupt drop across the transition temperature TMIT by 1–3 order
within a wide temperature range compared with the conven-
tional  NTCR  thermistor  [17–19],  as  shown  in Fig.  1(b).
Moreover, another characteristic of RENiO3 with middle and
heavy  rare-earth  composition  is  that  there  is  nearly  no
thermally  induced  hysteresis  in  their  MIT  when  measuring
the temperature dependence of resistivity by heating up and
cooling down. Thus, compared with the conventional NTCR
thermistor,  the  larger  decrease  of  resistance  in  the  MIT  re-
gion from Fig.  1(b) would result  in higher TCR, where the
resistance  of  RENiO3 is  more  sensitive  to  temperature
changes. Hence, it is expected that using RENiO3 for temper-
ature measurements will lead to higher accuracy and sensit-
ivity.  However,  it  is  worth  mentioning  that  the  nonlinear
variation of resistance with the temperature of RENiO3 in the
MIT  region  would  be  unfavorable  for  actual  temperature
measurements. To solve this problem, an optimum constant
resistor was paralleled to RENiO3, which causes the total res-
istance to show a linear change within a certain temperature
range. Then, it can be utilized to determine the temperature
using the typical electric circuit diagram shown in Fig. 1(c).
The circuit (red box in Fig. 1(c)) is a constant voltage source
that  gives  a  stable  voltage  for  the  bridge  voltage  sampling
part  (blue  box).  The  bridge  voltage  sampling  part  is  em-
ployed to obtain the total  resistance of  rare-earth nickelates
and Rp in  parallel.  Once  the  total  resistance  is  probed,  the
temperature can be determined on the basis  of  the assump-
tion that the total resistance varies linearly with temperature.
Afterward, the voltage amplification part (purple box) mag-
nifies the weak voltage signals between V1 and V2. Also, it
would  be  better  to  integrate  an  array  containing  a  series  of
RENiO3 with different rare-earth compositions to realize pre-
cise  temperature  measurements  over  a  wide  temperature
range. 

3.2. Material  structure,  morphology,  and  electronic
structure

To achieve the above concept,  a series of NdxSm1−xNiO3

powders  with  different  rare-earth  compositions  (x =  0,  0.2,
0.33,  0.4,  0.5,  0.6,  0.67,  0.75,  0.8,  and 1)  were synthesized
and then pressed into pellets (more details in the Section 2).
Fig.  2(a)  displays  the  XRD  patterns  of  the  as-synthesized
NdxSm1−xNiO3 samples.  Almost  all  peaks  for  each
NdxSm1−xNiO3 sample  are  in  accordance  with  the  standard
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PDF card (PDF#51-0391), demonstrating a typical distorted
perovskite  structure.  As  a  typical  example,  the  XRD  spec-
trum of Nd0.8Sm0.2NiO3 was refined using the Rietveld meth-
od, as shown in Fig. 2(b) (see more Rietveld refinements for
other NdxSm1−xNiO3 in Fig. S1). Some parameters taken from
the Rietveld refinements are summarized in Table S1. RP and

χ2 factors  are  less  than  5.6%  and  3.5%,  respectively,  for
NdxSm1−xNiO3,  which  shows  the  effectiveness  of  the  Ri-
etveld refinements. In addition, the lattice constants of the c-
axis  (c)  obtained  from  the  Rietveld  refinements  of  the  as-
made NdxSm1−xNiO3 samples increase with the improvement
of the Nd content, as shown in Fig. 2(c). These results align
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with the fact that SmNiO3 has a smaller lattice parameter than
NdNiO3 [20].

The morphologies of the NdxSm1−xNiO3 samples were fur-
ther  observed  by  using  SEM.  As  a  representative  example,
Fig. 3(a) and (b) shows the morphologies of the as-synthes-
ized  Nd0.67Sm0.33NiO3 powder  and  the  corresponding  cross-
section,  respectively.  The  morphology  of  the
Nd0.67Sm0.33NiO3 powder  in Fig.  3(a)  shows  a  typical  cubic
shape. The size is about several micrometers, which is close
to our previous results [7]. Also, based on the energy dispers-
ive spectroscopy results, the practical composition of the as-
synthesized  powders  agrees  with  their  respective  nominal
compositions,  as  shown  in  Fig.  S2  for  Nd0.67Sm0.33NiO3

powder.  In  addition,  a  compact  cross-section  was  observed
for the sintered pellets, as shown in Fig. 3(b). It is worth not-
ing that although grains of different sizes are observed in the
cross-section of the pellet, their composition is the same, as
shown in Fig. S3. The dense pellet also gives convenience for
measuring electrical transportation.

Next, the electronic structures of NdxSm1−xNiO3 with dif-
ferent  rare-earth  compositions  were  analyzed  by  NEXAFS,
and  the  O-K  edge  and  Ni-L3 edge  spectra  are  presented  in
Fig. 3(c) and (d), respectively. Comparing the O-K edge of
NdNiO3 and Nd0.8Sm0.2NiO3 with that of Nd0.2Sm0.8NiO3, an
improvement of the prepeak (marked as A) can be observed

in Fig. 3(c) when increasing the Nd content. It has been re-
ported in previous literature [21] that the intensity of prepeak
A in their O-K edge spectra reflects the overlapping between
Ni 3d and O 2p orbitals. Thus, a higher intensity of prepeak A
is associated with a larger overlap between Ni 3d and O 2p
and Ni–O–Ni bond angle, which stabilizes the metallic phase
of  RENiO3 and results  in  a  lower TMIT.  Further  consistency
can  be  verified  from  the  variations  in  their  Ni-L3 spectra
(Fig. 3(d)).  The relative intensity of peak A compared with
that of peak B shows the proportion of the Ni3+ orbital con-
figurations [22]. In Fig. 3(d), an increasing intensity of peak
A is observed with increasing Nd content. In general, the Ni3+

orbital configuration is associated with metallic states, caus-
ing a decrease in TMIT when Nd content is increased [19]. 

3.3. MIT  properties  and  potential  applications  for  tem-
perature sensing

In addition, the resistance (R) as a function of temperature
(T)  (R–T)  curves  for  the  as-synthesized  NdxSm1−xNiO3 dur-
ing  both  heating  and  cooling  processes  are  presented  in
Fig. 4(a).  All samples show significant MIT behaviors,  and
the decrease in resistance in the MIT region reaches approx-
imately  two  orders  of  magnitude.  Furthermore,  it  can  be
noted that their electrical transport curves measured by heat-
ing and cooling procedures overlap well, except for NdNiO3,

 

10 μm 10 μm

(c)

525 530 535 540

 NdNiO3 

 Nd0.8Sm0.2NiO3 

 Nd0.2Sm0.8NiO3

 NdNiO3 

 Nd0.8Sm0.2NiO3 

 Nd0.2Sm0.8NiO3

Photon energy / eV Photon energy / eV

O-K

A

B

C

(d)

850 855 860 865

Ni-L3

B

A

(a) (b)

In
te

n
si

ty
 /

 a
.u

.

In
te

n
si

ty
 /

 a
.u

.

t6
2ge1

g

t6
2ge2

g
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ized states of rare-earth ions with O 2p. Peak C corresponds to the Ni 4s and 4p hybridized with O 2p. In (d), the Ni-L3 spectrum ori-
ginates from the Ni 2p to Ni 3d transition and splits  into peaks A and B. The proportion of  the  (Ni3+)  orbital  configurations
compared with the  (Ni2+) configuration is indicated by the relative height of peak B split from peak A in the Ni-L3 NEXAFS
spectrum.
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which  offers  the  prerequisite  for  temperature  measurement
because the presence of a gap between the heating and cool-
ing curves  makes  the  measurement  of  temperature  inaccur-
ate.  Thus,  the  subsequent  discussion  will  not  include
NdNiO3. The decreasing tendency of TMIT with increasing Nd
in Fig.  4(b)  proves  the  correct  analysis  of  the  electronic
structure  of  the  as-synthesized  NdxSm1−xNiO3.  In  addition,
Fig. 4(b) displays the variations (RI/RM)/ΔT (i.e., S/ΔT) with
the improvement of Nd percentage, to some degree, indicat-
ing the sharpness of MIT. Note that a more abrupt MIT tend-
ency can be found when increasing the Nd proportion, but in-
terestingly,  the  sharpness  of  the  MIT  behavior  increases
slightly when the portion of Nd continues to decrease to be-
low 30at%.

Nevertheless, the nonlinear resistance variation with tem-
perature for NdxSm1−xNiO3 within the MIT region is not be-
neficial  for  measuring  the  temperature  directly  and  accur-
ately. Thus, a suitable constant resistor is needed in parallel
with  NdxSm1−xNiO3 to  linearize  their R–T curves  within  a
specific temperature range of MIT. Concrete linearization de-
tails can be found in Section 3 of the supporting information.
To  demonstrate  the  possibility  of  the  linearization  method,
we  selected  Nd0.8Sm0.2NiO3 as  a  representative  example  to
show  the  linearization  process  within  the  MIT  region.
Fig.  5(a)  illustrates  the  resistance  of  Nd0.8Sm0.2NiO3 as  a
function of temperature, displaying significant MIT behavior,
as  shown  in  the  red  box.  Combined  with  the  linearization
method  in  the  supplementary  material,  we  chose  this R–T
curve  included  in  the  red  box  to  be  linearized,  and  the  ob-
tained  results  are  shown  in Fig.  5(b).  It  can  be  clearly  ob-
served  that  the R–T curve  of  Nd0.8Sm0.2NiO3 deviates  from
the linear relationship without paralleling a constant resistor,
whereas a linear tendency of resistance with temperature ap-
pears with the addition of an optimum constant resistor. This
linear tendency proves the validity of the linearization meth-
od. However, it is also worth mentioning that the linear vari-
ation in the temperature dependence of resistance across the
MIT of a single Nd1−xSmxNiO3 composition usually covers an

effective temperature range of several tens of Kelvin. Thus, a
series  of  Nd1−xSmxNiO3 (x =  0.2,  0.33,  0.4,  0.5,  0.6,  0.67,
0.75, 0.8) can be connected in parallel as an array to cover the
entire temperature range of 210–360 K. By further applying
this  linear  method  to  NdxSm1−xNiO3 with  other  rare-earth
compositions, some sensing temperature parameters such as
linear  slopes,  magnitude  of  the  parallel  resistor,  and  linear
temperature  ranges  can  be  determined  [24].  The  relation-
ships  among these  parameters  are  summarized in Fig.  5(c).
Since the magnitudes of slope k are associated with the resist-
ance  of  NdxSm1−xNiO3 at  the  linearization  temperature,  as
elucidated in Section 3 of the supplementary material, we in-
troduced the ratio k/RT as  a novel  and scientifically derived
parameter  to  reflect  the  sensitivity  of  the  total  resistance  to
temperature  variation,  where RT is  the  resistance  of
NdxSm1−xNiO3 at the linearization temperature, which is dif-
ferent for each x value. Nevertheless, if the linearization tem-
perature is determined for a certain x value, RT is a constant.
The variation tendency of k/RT with Nd content is consistent
with the evolution of S/ΔT as  a  function of  temperature,  as
shown in Fig. 4(c). Meanwhile, we also calculated the TCR
for the as-synthesized Nd1−xSmxNiO3 shown in Fig. S6. The
maximum TCRs of every sample are shown in Fig. 5(d). It
can  be  observed  that  the  variations  of  TCR  and k/RT as  a
function of Nd are consistent, which agrees well with our ex-
pectation that a larger TCR means a higher temperature sens-
itivity.  Furthermore,  the  same  TCR  values  are  difficult  to
achieve in a conventional NTCR thermistor. In other words,
integrating an array of NdxSm1−xNiO3 with various x values
allows for precise and highly sensitive temperature measure-
ments  in  the  future.  The  process  of  temperature  measure-
ment can be explained more specifically as follows: the tar-
get temperature range can be first detected by the temperat-
ure  dependence  of  RENiO3 with  a  heavier  rare-earth  com-
position  (e.g.,  GdNiO3)  that  shows  insulator  transportation.
Subsequently, the system is switched to the specific compos-
ition of NdxSm1−xNiO3 to realize accurate temperature sens-
ing within the low-temperature range. 
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Fig. 4.    (a) R–T curves of rare-earth nickelates NdxSm1−xNiO3 pellets with different rare-earth compositions (x = 1, 0.8, 0.75, 0.67, 0.6,
0.5, 0.4, 0.33, 0.2, and 0). The data source of x = 1 is taken elsewhere [23]. Solid lines refer to the heating process, while the dashed
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ing using S/ΔT, and S = RI/RM, where RI and RM stand the resistances of the insulating phase I and the metallic phase M, respectively.
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4. Conclusion

In  conclusion,  we propose  a  strategy to  sense  low-range
temperatures using the MIT properties of array-like RENiO3,
where high magnitudes of TCR can be realized beyond con-
ventional  NTCR  materials.  A  series  of  NdxSm1−xNiO3

samples  with  different  rare-earth  compositions  of x =  0–1
were synthesized, while the critical temperature related to the
MIT without thermally induced hysteresis was achieved for
x = 0–0.8. The linearity in the temperature dependence of res-
istivity across MIT of NdxSm1−xNiO3 was achieved by paral-
leling a constant resistor, while the magnitudes of such paral-
lel  resistors  compared  with  NdxSm1−xNiO3 were  presented.
The entire temperature range of 210–360 K can be covered
by integrating the NdxSm1−xNiO3 with different Nd/Sm atom-
ic ratios from x = 0.2 to x = 0.8. Compared with conventional
NTCR  materials,  such  array-like  NdxSm1−xNiO3 achieves
higher magnitudes of TCR (e.g., 7%–14%), and this is anti-
cipated to be of utility in accurate temperature sensing at low-
temperature ranges. 
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