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Abstract
Human brain is the ultimate computing machine in nature. Creating brain-like devices that emulate how the brain works and can communicate

with the brain is crucial for fabricating highly efficient computing circuits, monitoring the onset of diseases at early stages, and transferring in-

formation across brain-machine interfaces. Simultaneous transduction of ionic-electronic signals would be of particular interest in this context

since ionic transmitters are the means of information transfer in human brain while traditional electronics utilize electrons or holes. In this per-

spective, we propose strongly correlated oxides (mainly focused on perovskite nickelates) as potential candidates for this purpose. The capability

of  reversibly  accepting  small  ions  and  converting  ionic  signal  to  electrical  signals  renders  perovskite  nickelates  strong  candidates  for  neur-

omorphic computing and bioelectrical applications. We will discuss the mechanism behind the interplay between ionic doping and the resistiv-

ity  modulation in  perovskite  nickelates.  We will  also  present  case  studies  of  using the  perovskite  nickelates  in  neuromorphic  computing and

brain-machine interface applications. We then conclude by pointing out the challenges in this field and provide our perspectives. We hope the

utilization of strong electron correlation in the perovskite nickelates will provide exciting new opportunities for future computation devices and

brain-machine interfaces.
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1    Introduction

The  brain  is  the  most  delicate  computing  machine  in
nature that is capable of processing complex visual, aural, ol-
factory,  and  haptic  information.  It  is  made  of  a  complicated
neural  network,  consisting  of  around  1011 neurons  connec-
ted by 1014 to 1015 synapses.[1–4] The brain can perform over
1016 operations  per  second,  which  is  more  powerful  than
modern  supercomputers,  but  at  the  same  time  only  con-
sumes  20  Watt  of  energy.[5–7] This  led  to  tremendous  re-
search  interest  in  the  brain  over  the  past  several  decades  in
understanding  how  brain  works  and  creating  computing
devices  that  emulate  the  brain.  For  example,  in  the  field  of
brain-inspired computing, both algorithms and hardware are
being  developed  to  take  advantage  of  the  high  computing
efficiency  of  the  neural  network.  For  hardware  implementa-
tion, various efforts have been devoted to constructing neur-
omorphic devices (artificial synapses and neurons) with tradi-
tional CMOS technology or emerging materials such as redox,
phase change,  ferroelectric,  and magnetic  materials.[8–10] An-
other  exciting  line  of  research  lies  in  the  field  of  brain-ma-
chine  interface  (BMI)  that  tries  to  probe  brain  circuits  with
high  spatial  and  temporal  precision  to  understand  how  the
brain  works,  and  later  use  such  mechanism  to  control  pros-

theses  and  restore  mobility  and  sensations  for  severely  dis-
abled  patients.  Fabrication  of  such  devices  requires  multi-
functional  materials  that  can  accept  ionic  signal  from  the
brain  circuits  and  then  convert  it  to  electronic  signal  that
modern electronic devices can process.

In  this  short  perspective,  we  highlight  recent  progress  in
the ionic  doping of  perovskite  nickelates  and its  consequen-
tial  resistivity modulation,  i.e.,  ionotronics,  for  applications in
brain-inspired  computing  and  BMIs,  as  schematically  shown
in Fig. 1.  The  lattice  of  perovskite  nickelate  is  highly  tolerant
to ionic dopant and H doping results  in a room temperature
metal  to  insulator  transition  (MIT).[11] Such  band  filling  in-
duced Mott MIT shows several key benefits in constructing ar-
tificial neural networks: 1) The strongly correlated electrons in
the perovskite nickelate lead to as high as 10 orders of mag-
nitude  change  in  resistance  during  the  MIT.  2)  Proton  is  the
lightest element in the periodic table and inherently possess
the possibility for ultrafast devices. 3) Due to its small size, the
proton  has  various  metastable  states  in  the  nickelate  lattice
and provides the potential in fabricating reconfigurable neur-
omorphic  devices.  Besides  the  neuromorphic  devices,  the
perovskite  nickelates  also  demonstrate  key  advantages  for
BMI applications:  1)  perovskite nickelates can be doped with
small  ions, e.g.,  H+,  Na+ and Mg+ etc.,  which are the same in-

 

Received 8 May 2022; Accepted 29 May 2022; Published online

Perspective 

 

© 2022 The Author(s). Materials Lab published by Lab Academic Press

220038 (Page 1 of 4) Materials Lab 2022, 1, 220038

http://orcid.org/0000-0002-1122-8647
mailto:htzhang@buaa.edu.cn
https://doi.org/10.54227/mlab.20220038
http://orcid.org/0000-0002-1122-8647
mailto:htzhang@buaa.edu.cn
https://doi.org/10.54227/mlab.20220038


formation transmitters in the brain, as shown on the top part
of Fig. 1.  Such ionic  doping modulates  the band structure of
perovskite  nickelates  and  results  in  largely  amplified  re-
sponse in their electrical resistivity through the Mott MIT.[11,12]

2) Perovskite nickelates are robust and function well in biolo-

gical liquid media.
In the following sections, we will start with the mechanism

of  ionotronics  in  perovskite  nickelates  and  then  briefly  dis-
cuss  recent  progress  of  their  applications  in  neuromorphic
devices and BMIs.

 
Perovskite

nickelate

Inorganic ion

channels

Electronic Brain

Artificial Intelligence

Biological Brain

Cross Talk

Neuronal ion

channels

Nerve cell

membrane

 
Fig. 1    Perovskite nickelates for AI and brain-machine interfaces (BMIs).

Perovskite nickelates are characterized by their strongly correlated d-orbital electrons and consequential metal to insulator transition. Ion-elec-
tronic  doping in  the  nickelate  lattice  is  an  effective  way to  modulate  the  device  resistance of  artificial  synapses  and artificial  neurons.  Since
small ions can flow in both the perovskite nickelates and the biological neural cells, nickelate devices can serve as the bridge across the BMI.

 
 

2    Ion doping and the metal to insulator trans-
ition

Transformative  technologies  require  emerging  materials
and  new  fabrication  strategies.[1,13–18] The  perovskite  nick-
elates exhibit multiple electronic phase transitions associated
with  the  variations  in  d-band  related  orbital  configurations
and  occupations.  Their  conventional  MIT  is  owing  to  the
charge disproportionation (or anti-disproportionation) of the
valance of  Ni3+ based configuration (e.g.,  Ni3+↔Ni3±Δ)  as  can
be  triggered  by  critical  temperature  (TMIT)  or  pressure
(PMIT).[19] As a result, their electron transport behaviors show
transitions  between  metals  and  semiconductors  as  manifes-
ted  by  the  different  temperature  dependence  in  resistivity.
The  magnitude  in  TMIT  is  mainly  determined  by  the  rare-
earth  composition  occupying  the  A-site  of  the  perovskite
structure (ABO3) and can be adjusted within a broad range of
temperatures of 100-600 K.[20] For example, enlarging the ion-
ic  radius  of  the  rare-earth  element  results  in  less  distorted
NiO6 octahedron to strengthen metallic phase, and as a result
the TMIT is reduced. In addition, the TMIT can be also slightly
adjusted  via  establishing  interfacial  strain  or  via  electron  ac-

cumulation.[19]

Apart from the conventional MIT, hydrogen (or lithium and
magnesium)  doping  and  associated  electron  filling  changes
the  orbital  configuration  of  Ni  and  triggers  electronic  phase
transition from the Ni3+ to Ni2+ configuration.[21] The enlarged
orbital occupancy in eg (e.g., filling the previous empty state)
results  in  stronger  Coulomb  repulsions  among  the  itinerant
electrons  and  electron  localizations,  and  triggers  the  forma-
tion  of  a  highly  insulating  phase.[21] Furthermore,  there  are
numerous metastable states for H in the perovskite nickelate
lattice which leads to distinct electrical properties. Therefore,
delicate control of the H concentration and H distribution can
lead to multiple neural functions for brain-inspired computa-
tion.[22] Technically,  the hydrogenation process can be either
chemically  performed  via  annealing  in  hydrogen
atmosphere[21] or  electrochemically  triggered  by  imparting
electric field within electrolytes.[23]
 

3    Application in brain-like computation

It is a lon-stangding dream to build a computer which can
work  like  the  human  brain.[24] To  achieve  brain-like  comput-
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ing, the key is to simulate the behaviors of synapses and neur-
ons, which are the fundamental elements of a human neural
system.[10] Perovskite  nickelate  devices  can  imitate  human
nervous  system  from  both  structural  and  functional  aspects.
The top and bottom electrodes can be thought of as the pre-
neuron  and  post-neuron  respectively.  Besides,  the  electrical
conductance  of  the  thin  film  material  can  represent  the
weight of the synapse.[25] Based on the ion-electronic doping
mechanisms, the distribution and local concentration of pro-
tons,[26,27] which significantly influence the resistance of nick-
elate  devices,  can  be  subsequently  modulated  with  electric
fields applied to the electrode.[18,28] These properties make it
possible  to  simulate  the  learning  enhancement  and  forget-
ting  decline  processes  of  synapses,  i.e.,  potentiation  and  de-
pression, in the human brain under the regulation of applied
pulse  signals.  Relevant  studies  have  also  proven  that  hydro-
gen-doped  nickelate  devices  are  able  to  show  non-volatile
memory  and  history-dependent  analogue-like  states,  which
are  two  elemental  characteristics  for  synapse-simulating
devices.[29,30] In  addition  to  the  simulation of  synapse,  a  per-
ovskite nickelate device can be transformed among multiple
neuromorphic functions such as memcapacitor, synapses and
neurons.[22] A  grow  when  required  framework  is  developed
based on such reconfigurable neural functions and shows ex-
cellent performance for tasks with incremental learning scen-
arios.  This  realization  of  multiple  neural  functions  the  same
material  can  reduce  the  complexity  of  AI  circuit  design  for
power and space efficient computations. Besides, it is reported
that after annealing in an extreme reducing atmosphere at low
temperature,  superconductive  phase  was  found  in  oxygen
reduced  Sr-doped  infinite  layer  of  nickelate  R1-xSrxNiO2.[7,31]

These unique properties provide more research space for the
application  of  rare  earth  perovskite  nickelates  in  brain-like
computing. 

4    Application in brain-machine interface

BMIs  require  multi-disciplinary  expertise  among  neuro-
physiology, materials science, and electrical engineering, aim-
ing to build real-time connections between living brains and
machines,[32] and  finally  to  create  new  therapies  to  restore
mobility and sensations to severely disabled patients, such as
the patients with Alzheimer's disease and Amyotrophic later-
al  sclerosis  (ALS).[33,34] As  discussed  earlier,  the  ion-based
working  mechanism  for  perovskite  is  similar  to  that  in  the
brain  which is  the biggest  advantage of  perovskite  nickelate
to achieve BMIs. In a perovskite nickelate device, the redistri-
bution of H ions modulates its resistance, and the device can
serve  as  an  interface  to  process  ionic  signal  from  biological
world.[35] Besides, this device is stable in biological liquid me-
dia  and  non-toxic  to  living  organisms.[36] Therefore,  com-
pared with the traditional silicon-based BMI implementation,
it  has  better  bio-integration  potential.  Recently,  perovskite
nickelates have been used to sense neurotransmitter  release
from  the  mouse  brain,  and  both  ex-vivo  and  in-vivo  experi-
ments have been reported.[36,37] Through interfacing the nick-
elate devices with an acute mouse brain slice or a live mouse
brain, the release processes of dopamine and glutamate upon
electrical  stimulation  were  studied.  These  results  demon-

strate the application prospect of perovskite nickelates in the
BMI field. 

5    Conclusions

While utilization of the ionic-electronic phase transitions in
perovskite  nickelates  provides  fresh  opportunities  in  explor-
ing  neuromorphic  computing  and  BMI  devices,  several  chal-
lenges  still  remain.  First,  the  hydrogen  ions  have  more  than
100  metastable  states  in  the  nickelate  lattice,[22] and  each  of
them may have diverse effects on the electrical properties of
the  perovskite  nickelates.  Understanding  such  complex  dy-
namic  ion-electron  correlation  effects  at  room  temperature
requires continuous development in new computation meth-
ods  beyond  the  ground  state,  such  as  dynamic  mean-field
theory (DMFT) calculations and ab-initio molecular  dynamics
(AIMD).  Currently,  most  of  the  perovskite-nickelate-based
neuromorphic  computing  devices  are  not  fabricated  at  the
circuit  level.  Developing  large-scale  circuit  itself  is  challen-
ging because it  requires  many fabrication processes  and op-
timization. It will also be important to develop relevant setups
to  test  the  circuits  and  then  interface  them  with  AI  software
to perform real-world tasks. For the BMIs, interdisciplinary ap-
proaches are highly demanded, and only tight collaborations
among neuroscientist, material scientists, electrical engineers
and  computer  scientist  can  sprout  alpha-version  of  devices.
All these tasks are quite challenging but worthwhile. Our pro-
found hope is to make highly efficient and complicated artifi-
cial neural circuits that one day can be conversely used to un-
derstand  the  origin  of  brain  diseases,  as  well  as  to  augment
the biological brain. 
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