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ABSTRACT: A key aspect of how the brain learns and enables
decision-making processes is through synaptic interactions. Electrical
transmission and communication in a network of synapses are
modulated by extracellular fields generated by ionic chemical
gradients. Emulating such spatial interactions in synthetic networks
can be of potential use for neuromorphic learning and the hardware
implementation of artificial intelligence. Here, we demonstrate that
in a network of hydrogen-doped perovskite nickelate devices,
electric bias across a single junction can tune the coupling strength
between the neighboring cells. Electrical transport measurements
and spatially resolved diffraction and nanoprobe X-ray and scanning
microwave impedance spectroscopic studies suggest that graded
proton distribution in the inhomogeneous medium of hydrogen-
doped nickelate film enables this behavior. We further demonstrate signal integration through the coupling of various junctions.
KEYWORDS: neuromorphic computing, perovskite nickelates, synaptic plasticity, quantum materials

principal goal of research in the field of neuromorphic
computing is to emulate aspects of biological intelligence

in hardware. Synapses in the brain are responsible for memory,
learning, and in a broader sense control of the functioning of
neural circuits.1 This is accomplished in part by the ability of
the synapses to modify their weight (termed plasticity),
thereby modulating the firing of neuronal action potentials.
Recent neuroscience studies have demonstrated synapses to be
crucial for neural network regulation beyond simple plasticity.2
In fact, the dynamic state of synapses has been noted as crucial
for neural computation besides serving as memory storage.3
Synapses can control the flow of information either via
chemical, electrical, or even a combination of both mechanisms
(mixed synapses) as noted in studies on teleost fish.4
Extracellular fields generated by the ionic chemical potential
gradients may enable synapses to control signal transmission in
small-scale networks.5 That is the coupling of neighboring
neuronal cells can be profoundly modified by individual
synaptic action due to the local chemical disturbances
occurring over characteristic neurotransmitter diffusional
length scales, thereby affecting signal transmission in a neural
circuit. It has been suggested that such coupling is important
for establishing network function and complex spatiotemporal
patterns of local field potentials in neuronal ensembles in
various length scales.6−9 Gamma band activity and sharp-wave

features are important for perception, learning, and memory in
the brain.10−13 Function in large-scale neural networks requires
changes and control of membrane potentials of individual
neurons which is achieved by integration of incoming signals
from a large number of neurons. Furthermore, neural networks
such as those based on the Ising model14 shows that emergent
computational phenomena such as categorization and
associative memory15,16     are a consequence of interactions
between network elements with wide-ranging spatial and
temporal scales. Emulating the subtleties and complexity seen
in various biological neural networks into artificial intelligence
represents a frontier problem.17

Hydrogen donor doping of nickelates (e.g., NdNiO
(NNO)) has been shown to result in several orders of
magnitude changes in electrical resistance at room temperature
resulting from an e 2 half-filled configuration of the Ni d-
orbitals upon electron injection.18 The magnitude of resistance
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Figure 1. Schematic illustration of coupling between neuronal cells and electronic analogue in NdNiO . (a) Extracellular field coupling among
different neuronal cells in a biological synaptic network. The coupling between neighboring cells can be tuned by synaptic action across one
junction. The different shades of color illustrate different coupling strengths. Each cell represents a neuron and the lines connecting the cells
represent synaptic junction. (b) Schematic (top and cross-sectional view) of the in-plane NNO device with Pd and Au electrodes. The Pd
electrodes serve as a catalyst for hydrogen doping of the NNO film with heavier doping proximal to the Pd electrode. The graded concentration of the
dopants across the electrode junctions can be modulated by electric bias. The synaptic action across electrode 1 leads to a change in the coupling
strength with nearby electrodes. The heavily doped region is shown in blue color as a visual guide. (c) Schematic of band diagram and structure of
perovskite NNO at room temperature. (d) Hydrogen doping leads to a reduction in Ni valence from +3 to +2 and as a result of electronic
correlation, a bandgap opens up. The protons diffused in the NNO lattice are weakly coupled to the oxygen atom of Ni−O octahedra. E , EF, U, and
Δ  represent the electronic bandgap, Fermi energy, on-site coulomb repulsion, and charge transfer energy, respectively.

change in a device can be controlled over several orders of
magnitude by partial doping of the material utilizing forming
gas annealing time−temperature envelopes. Protons reside in
interstitial sites and can drift under electric fields. The extreme
sensitivity of the electrical resistance of the nickelate to the
concentration and distribution of protons in the lattice enables
a wide range of resistance states that can be realized under
pulsed voltage bias.19,20     Tuning resistance in individual
hydrogen-doped nickelate devices under electric fields has
been demonstrated previously; however, understanding its
impact in local networks is largely unknown. Here, we show
that while potentiation, depression, and learning rates of an
individual synaptic device can be systematically controlled by
pulsed fields, the resistance of adjacent gap junctions can also
be simultaneously modified due to the spatial drift of the
protons. An electronically inhomogeneous medium comprising
spatially varying proton concentrations enables this coupling
and is verified by multimodal scanning probe techniques (e.g.,
scattering and spectroscopy). At the same time, resistance
tuning is limited to proximal nickelate junctions and hence is
promising to realize an artificial neurological substrate for
brain-inspired electronics. Utilizing arrays of hydrogen-doped
nickelate (H-NNO) devices, we then demonstrate signal
integration through various junctions�an operation important
for the integration of incoming signals that enable the function
of neural networks.

The synaptic junction is the space between two neuronal
cells, which controls electrical transmission/communication.
The strengthening (potentiation) and weakening (depression)
of the synaptic weight depend on the magnitude of the
stimulus. The coupling between the different neuronal cells is
depicted in Figure 1a. As shown, the stimulus applied to a
single cell results in changing the coupling among the cells
(shaded region with different gradients). In Figure 1b, we show
the schematic (top and cross-sectional view) of the analogous
H-NNO device study to illustrate the aforementioned concept.
Each electrode represents a neuron node, and the region
between two electrodes represents a synapse. Figure 1c shows
the band diagram of metallic NNO film at room temper-
ature.21−23 The hydrogen donor doping in the NNO leads to a
change in the nominal nickel valence state from +3 to +2 due to
electron filling in e orbitals and opens an electronic
bandgap as schematically shown in Figure 1d. The protons
upon hydrogenation couple weakly to the oxygen (Figure 1d)
of the NNO lattice.24     The ability to vary the spatial
distribution of the protons and hence channel resistance
under an electric field is utilized for neuromorphic
functionality.

In Figure 2a, the I−V characteristics of pristine NNO and H-
NNO films are shown. As depicted, the resistance of H-NNO
is greater than that of the NNO film (see Figure S1 and the
Supporting Information for film growth, device fabrication, and

7167                                                                              https://doi.org/10.1021/acs.nanolett.3c02076
Nano Lett. 2023, 23, 7166−7173

pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02076/suppl_file/nl3c02076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02076/suppl_file/nl3c02076_si_001.pdf
https://doi.org/10.1021/acs.nanolett.3c02076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


g

i

f i

Nano Letters pubs.acs.org/NanoLett                                                                                                 Letter

Figure 2. Demonstration of plasticity in H-NNO thin film device and the emergence of coupling and resistance evolution. (a) I−V characteristics of
NNO and H-NNO films. A several-order-of-magnitude change in the resistance of H-NNO film compared to the NNO film indicates carrier
localization upon electron doping. (b, c) I−V characteristics (shown for every 10th cycle) under a positive and negative voltage sweep show a
continuous increase and decrease in the resistance of the H-NNO device, respectively. The modulation of device resistance depends on the spatial
drift of interstitial protons in the presence of an electric field. (d) Potentiation and depression curves for the H-NNO device. Different stimuli were
used for the potentiation while keeping the stimulus the same during the depression. Tuning the device resistance to different states by changing the
stimuli for (e) depression and (f) potentiation. In both cases, a constant ΔR was maintained. (g) An electric pulse E of varying magnitude and pulse
width 100 μs is applied across electrodes 1 and 5, and a change in resistance ΔR = R −  R across various pairs of electrodes is shown. The electric
pulse modulates the proton distribution near electrode 1 and hence affects the resistance of adjacent electrodes (R12, R13, R14) in the vicinity of
electrode 1. An increase in the R13 could likely be attributed due to a current flow from electrode 1 to electrode 5 and electrode 5 to electrode 3.
Therefore, a combination of R15 and R35 might be responsible for a slightly larger effect than that of R15 or R12/R14.

electrical measurements). A significantly increased resistance
for H-NNO in contrast to NNO film is attributed to the
hydrogen doping that is controlled by the forming gas
annealing conditions. The proton−electron doping in the
NNO film leads to a large increase in the electronic bandgap
due to carrier localization of the doubly occupied e manifold
by reducing Ni3+ sites to Ni2+, and therefore a significant
change in overall device resistance can be observed. To
understand the device response to the polarity of an electric
field, the electric field sweeps (50 cycles) for an asymmetric H-
NNO device are depicted in Figures 2b and 2c. As observed,
the resistance of the device increases with the application of a
positive field sweep while it decreases with a negative field
sweep. The electric-field-driven modulation of resistance can
be attributed due to the diffusion of interstitial protons in the

H-NNO lattice. This also suggests that application of positive
bias results in the expansion of the H-NNO region due to
proton migration, and vice versa. We then exploit this aspect to
emulate the plasticity based on the H-NNO device, i.e.,
mimicking the potentiation and depression process. To
elucidate the plasticity, continuous electric pulses of magnitude
12 V and pulse width 100 μs were applied to increase the
device resistance by nearly 25 kΩ, and the device resistance
was then reduced to nearly the original state by applying
electric pulses of −10 V and 100 μs. Moreover, the rate of
potentiation and depression can be tuned by the magnitude of
electric pulses, as shown in Figure 2d. In Figures 2e and 2f, we
also show that the device resistance can be modulated to
multiple resistance states and can be tuned back to the original
resistive state. The resistance tuning mechanisms follow a
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Figure 3. Structural and electronic structure characterization of H-NNO films. (a) Synchrotron micro XRD pattern of NNO and H-NNO films. The
reciprocal lattice unit (r.l.u.) was defined using the lattice parameter (a     � 3.79 Å) of the LAO (001) substrate. The arrow marks the peak position of
NNO before and after hydrogen doping. (b) ERDA analysis for pristine NNO and H-NNO film showing an increase in hydrogen content for H-
NNO film. The solid lines in each curve represent the corresponding simulated spectrum. An offset in channel number for H-NNO is due to a Pt film
on top used for hydrogenation. (c, d) Deconvoluted normalized XAS Ni L  edge spectra of NNO and H-NNO films. (e) A full range XAS spectra
of H-NNO film as a function of distance from the Pd edge. The dashed line marks the shift in peak positions. (f) Spatially resolved area ratio I2/I1

of the Ni L3 spectra of the H-NNO film. The arrow marks the width (�2 μm) of the doped region near the Pd electrode.

power law and are nonlinear;25−27 the nonlinearity factor
increases with an increase in pulse width (Figure S2).
Representative retention and endurance data are listed in
Figure S3. The resistance switching mechanism for the H-
NNO film describing the relationship between proton
migration (that results in expansion of the H-NNO region)
and resistance modulation has been proposed in the
literature.20,28 Using Einstein’s relation D = μK T/q and v =
μE, the proton migration distance for the H-NNO device can
be written as29

x =
tqDV 

, where v =
t

v , μ, Δt, q, D, V, K , T, E, and L  represent the drift velocity,
proton mobility, pulse width of a single electric bias stimulus,
charge, diffusion constant, pulse voltage, Boltzmann constant,
temperature, electric field, and width of the channel,
respectively. For Δt  = 100 μs, V = 12 V, and L  = 10 μm
(one representative experimental condition used in our study),
the estimated proton migration length is �0.40 nm for a
representative proton diffusion coeficient of 8.7 ×  10−10 cm2/s
(diffusion constant adapted from ref 20). It is likely the
primary mechanism that modulates the resistance is the H-
NNO/NNO interface proton distribution (due to the growth
of the H-NNO region upon positive bias) and is also noted
from Kelvin force microscopy measurements of the electrode−
HNNO interface before and after application of electric stimuli
as described later.

The spatial concentration of the local hydrogen ion
distribution in the H-NNO-based artificial synapse was

modulated systematically by applying varying electrical pulses
across one device junction, and the resistance evolution across
all the pairs of devices was studied. The optical image of the
device studied is shown in Figure S1. Further, we demonstrate
how this affects the properties of neighboring devices, as
shown in Figure 2g. A single positive electrical pulse of varying
magnitude (Ei) was applied across electrodes 1 and 5, and
resistance evolution (ΔR = Rf −  Ri) across other pairs of
electrodes (R12, R13, R14 R15, R23, R24, R25, R34, R35, and
R45) was measured. The Ri     and Rf     represent the initial
resistance of the junction and the resistance of the junction
after pulsing. As shown, the electrodes that are in the vicinity
of electrode 1 show a monotonic increase in the resistance, a
behavior similar to the R15. Importantly, this change in
resistance or equivalent synaptic weight update for R12, R13,
and R14 occurs without applying any additional electrical pulse
across them. This increase in resistance at the adjacent
junctions can be attributed to the change in the local proton
distribution near electrode 1 upon electrical pulsing. The other
pairs of devices (R23, R24, R25, R34, R35, and R45) do not
show significant variation in the resistance. Figure S4 further
presents modulation of junction resistance across various pairs
when an electric pulse was applied between electrodes 2 and 5
establishing general validity.

To understand how plasticity and synaptic coupling in H-
NNO film can be utilized for biologically inspired
computation, we then investigated signal integration through
various junctions (see Figure S5 and the Supporting
Information). Signal integration operation is similar to a
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Figure 4. Spatial characterization of H-NNO films. (a) Microdiffraction 2D mapping of H-NNO film intensity (L  = 1.85) demonstrates the
extended width of the hydrogen-doped region away from the edge of Pd. The arrow marks the width (�2 μm) of the doped region. KPFM contact
potential difference map of the asymmetric (b) NNO and (c) H-NNO device. The dashed line in (b) represents the boundary between the Pd
electrode and the NNO film. A distinct difference in the contact potential difference profile for H-NNO device is attributed due to hydrogen
doping. A contrast in the contact potential difference near the Pd electrode for H-NNO film represents the areal extent of the hydrogen doping. The
estimated width of the doped region is in good agreement with the micro diffraction mapping, LEEM, and XPEEM imaging. (d) Theoretical MIM
response curves, simulated using finite-element analysis at 155 MHz, show how the reflected MIM signal depends on the local resistivity of the
sample. A small-area scan in the immediate vicinity of the boundary between the H-NNO and NNO areas. (e) The imaginary MIM channel and
(f) the relative phase of the dC/dV mode image.

weighted sum operation, widely used in artificial neural
networks.30−33

To check the phase purity and structural evolution upon
hydrogen doping in NNO film, the NNO and H-NNO films
were characterized by synchrotron XRD using a microprobe
(see the Supporting Information)  as shown in Figure 3a.
Because of a lattice mismatch between the film and substrate,
the NNO film experiences an in-plane biaxial compressive
strain. As a result, the out-of-plane lattice parameter, c �
3.822 Å, is larger than its bulk value of 3.807 Å.21 Moreover,
upon hydrogen doping the NNO peak further shifts to the
lower L  values, and the out-of-plane lattice parameter (c �
3.836 Å) shows a further elongation by �0.4%. In Figures S6a
and S6b, we also show the evolution of the doping profile
between the Pd and Au electrodes for the device shown in
Figure S1. As shown, the doping is dense near the Pd electrode
and eventually fades toward the Au electrodes. The micro XRD
pattern of NNO and H-NNO films hence reveals an oriented
(002) single-phase film grown on a LaAlO substrate.

To measure the elemental composition as well as hydrogen
concentration in the nickelate films, we performed Rutherford
backscattering spectroscopy (RBS) and elastic recoil detection
analysis34 (ERDA) (see the Supporting Information). Figure
S7a,b shows the RBS analysis of the NNO and H-NNO films.
The NNO films are highly stoichiometric (Table S1). ERDA
shows a clear increase in the hydrogen concentration in the
doped films versus the undoped ones (Figure 3b). The ratio of
the spatially averaged areal density of hydrogen to nickel
estimated from experiments is 0.14 (H/Ni � 0.14) , suggesting a
partially doped H-NNO film. A similar increase in proton
concentration (H/Ni � 0.18) has also been verified for a

control sample independently prepared from electrochemically
H-doped NNO film to verify the ERDA profile (Figure S8 and
Table S2). The electronic structure of undoped and electro-
chemically doped films was also characterized using X-ray
photoelectron spectroscopy XPS35 (Figure S9)  and indicates
expected oxidation states and metallic vs semiconductor
character (see the Supporting Information).

We then utilized nanoscale X-ray absorption spectroscopy
(XAS) to understand the proton distribution and change in the
electronic structure near the Pd and Au electrodes (see the
Supporting Information). In Figures 3c and 3d, we show the
XAS analysis of the Ni L  edges of the NNO and H-NNO
films. The multiplets were deconvoluted after a baseline
subtraction and the spectra were fitted with two Gaussian
components assigned for high energy (�856.3 eV) and low
energy (�855.2 eV) peaks.36,37 As shown, the normalized
integrated intensity for the low-energy peak ( I  )  and high-
energy peak ( I  )  is enhanced (orange) and suppressed (blue)
as a consequence of hydrogen doping and suggests a reduction
in the Ni valence in H-NNO films near the Pd electrode. A
full-range XAS scan of the Ni L edge for H-NNO film is
depicted in Figure 3e. As shown, a clear shift in the spectral
weight of the Ni L edge to the lower energy, away from the
Au electrode, is attributed to a reduced Ni valence because of
hydrogen doping near the catalytic Pd electrode. To
understand the spatial variation and elucidate the extent of
hydrogen doping in H-NNO films, the spatially resolved
analysis of area ratio I /I (Ni L  edge) was employed. It shows
a heavily doped region of nearly 2 μm close to the Pd electrode
(Figure 3f). In Figure S10, we also plot I /I as a function of
distance from the Pd electrode. The spectral weight evolution
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of the low-energy peak toward the Pd electrode thus confirms
the dominant presence of Ni2+ near the Pd electrode. The
spatially resolved XAS analysis thus suggests a mixture of
majority H-NNO regions and minority NNO regions in a solid
matrix near the Pd electrode. Moreover, toward the Au
electrode, the H-NNO regions are the minority in the solid
matrix. Modulating these granular regions with electrical
pulsing redistributes the protons and may lead to observed
electrical behavior (Figure 2g). Additionally, microdiffraction
mapping, X-ray photoemission electron microscopy
(XPEEM),38 and low-energy electron microscopy (LEEM)
(see the Supporting Information, Figure 4a, and Figure S11)
shows a width of doped region consistent with the XAS study.

To understand the electronic phase transition upon
hydrogen doping, we performed scanning Kelvin probe force
microscopy (KPFM).39 In Figures 4b and 4c, we depict a
spatial map of the measured contact potential difference
(V )  for the NNO and H-NNO films, respectively. The areal
extent of hydrogen doping for the H-NNO film decays
spatially due to the diffusive nature of doping (Figure S12).
KPFM also shows a similar width of the doped region.
Moreover, upon electrical pulsing, the Pd-NNO interface
remains nearly unaffected while H-NNO/NNO shows changes
(see the Supporting Information and Figures S13 and S14
showing KPFM data). This further suggests the mechanism of
change in resistance upon electrical pulsing is primarily due to
proton migration.

While the spectroscopy and microscopy techniques utilized
above give detailed information on the electronic structure/
surface potential, a local conductivity map over a large region
can provide additional evidence of the inhomogeneous doping,
which leads to the phase coexistence of NNO and H-NNO
regions in a solid matrix. To acquire a conductivity map, we
employed microwave impedance microscopy (MIM) (see the
Supporting Information and Figure S15)  to image the
conductivity contrast across the interface of the NNO and
H-NNO region. The scan area, represented by the red box in
Figure S16, encloses both the H-NNO and the pristine NNO
regions. Our measurements reveal that local changes in
conductivity are spatially correlated to the real-space
distribution of hydrogen doping. The technique of MIM
probes the electronic properties of materials by measuring the
complex tip−sample admittance, which depends on the local
permittivity and conductivity of the sample. The theoretical
real and imaginary parts of the MIM response (MIM-Re and
MIM-Im, respectively) are plotted in Figure 4d and obtained
from finite element simulations of the experimental MIM setup
at 155 MHz. At room temperature, prior experiments have
reported that pristine NNO should have a resistivity of 10−5 Ω
m.40 For comparison, the transport results reported in this
work indicate that H-NNO should have a resistivity of nearly
�103−104 larger than the NNO. Therefore, based on the
response curves in Figure 4d, it is expected that the resistive H-
NNO region should yield a MIM-Im signal saturated near zero,
while the conductive NNO region should have a finite MIM-
Im signal that is saturated at the other end in the response
curve. We should therefore see a clear MIM contrast between
these two regions. The two panels (a) and (b) in Figure S17
display MIM-Im and MIM-Re images obtained near the
boundary between the NNO and H-NNO regions, where the
color change reflects the change in conductivity with the
position. Right outside of the H-NNO region, nonuniform
spatial features appear to penetrate from the H-NNO region

(Figure S17c). These spatial inhomogeneities of the local
conductivity are more visible in the detailed scans of the
interface shown in Figure 4e. Figures 4f and S17c display the
relative phase of the dC/dV signal, which can shed light on the
type of charge carrier.41 The H-NNO region shows a higher
phase value relative to the pristine NNO region (Figure 4f),
corresponding to the electrons that the hydrogen atoms
donate.

In summary, multimodal spectroscopic characterization
reveals that an electronically inhomogeneous nickelate medium
due to graded hydrogen doping can serve as a platform for
tuning electrical resistance upon voltage application. Future
studies exploring different electrode geometries and network
patterns could serve to examine the evolution of weights in
more complex networks. Quantum materials whose electronic
properties can be tuned by ion doping offer an interesting
platform to examine neuromorphic functions.
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