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Habituation and sensitization (nonassociative learning) are among
themost fundamental forms of learning andmemory behavior present
in organisms that enable adaptation and learning in dynamic environ-
ments. Emulating such features of intelligence found in nature in the
solid state can serve as inspiration for algorithmic simulations in
artificial neural networks and potential use in neuromorphic comput-
ing. Here, we demonstrate nonassociative learning with a prototypical
Mott insulator, nickel oxide (NiO), under a variety of external stimuli at
and above room temperature. Similar to biological species such as
Aplysia, habituation and sensitization of NiO possess time-dependent
plasticity relying on both strength and time interval between stimuli. A
combination of experimental approaches and first-principles calcula-
tions reveals that such learning behavior of NiO results from dynamic
modulation of its defect and electronic structure. An artificial neural
network model inspired by such nonassociative learning is simulated
to show advantages for an unsupervised clustering task in accuracy and
reducing catastrophic interference, which could help mitigate the
stability–plasticity dilemma. Mott insulators can therefore serve as
building blocks to examine learning behavior noted in biology and
inspire new learning algorithms for artificial intelligence.
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Integrating features of artificial intelligence into a vast array of
fields from information processing, autonomous systems, and

decision and design making to forecasting and healthcare is moving
our society toward energy sustainability, high efficiency, and solving
complex problems (1–4). A key challenge in neuromorphic com-
puting is the emulation of animal learning with synthetic matter to
allow direct implementation of these forms of learning in hardware.
One of the primary forms of learning present in both vertebrate

and invertebrate biological species is nonassociative learning (ha-
bituation and sensitization), which enables adaptation and learning
from the environment (5–8). Nonassociative learning in Aplysia, a
sea slug that is widely studied as a model system in neuroscience
due to strong and easily stimulated behaviors, is schematically
shown in Fig. 1 A and B (8). The gill withdrawal, a form of defensive
reflex, is monitored under a weak touch on the siphon. Repeated
siphon tactile stimulus results in reducing of gill withdrawal reflex,
i.e., habituation. Upon presentation of an electric shock to the tail
(new stimulus), sensitization behavior appears where the gill with-
drawal response becomes extremely enlarged (9, 10). The neuron
potentials monitored from the gill reflex neural circuit (Fig. 1B)
demonstrate that while the sensory neural potential remains almost
identical, a decrement of motor neural potential appears during
habituation and a substantial increase of motor neuronal potential
emerges upon sensitizing stimulus (11). As a result, habituation
appears as a reduction in response due to repeated exposure to a
single environmental stimulus, while sensitization manifests as an
extreme increment of response by the introduction of a noxious
stimulus (6). These learning behaviors were reported to result from
a change in the synaptic weight (8).
Emulation of both habituation and sensitization behavior

within solid-state systems is still a fledgling field. Materials with
highly tunable electronic structures and dynamical response to

environmental stimuli are of great interest in this regard (12).
Nickel oxide is a prototypical Mott insulator with strong corre-
lation of electrons in Ni 3d orbitals resulting in a charge–transfer gap
between the Ni 3d upper Hubbard band and O 2p band (Fig. 1D)
(13, 14). The sensitivity of the electron correlation effects to charged
point defects leads to measurable response to subtle changes in
environmental stimuli, such as pressure (15), electric field (16),
chemical doping (17), and variation of oxygen partial pressures (18).
In this work, we demonstrate the emulation of biological

nonassociative learning with binary nickel oxide under a variety of
environmental stimuli by dynamical modulation of their defect
and electronic structures. NiO thin-film devices with Pt electrodes
were exposed to hydrogen and ozone gas (Fig. 1 C and D). A short
exposure to H2 gas causes electron filling of preexisting hole states
and leads to an increase in electrical resistance (Fig. 1D). On the
other hand, O3 exposure incorporates excess oxygen ion defects.
The change in electrical resistance of NiO device with H2 stimulus
is found to decrease gradually upon repeated exposure and is
substantially enhanced after the introduction of O3, identical to
the habituation and sensitization learning behavior observed in
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Aplysia (Fig. 1B). Combined experimental and theoretical studies
indicate that the environmental stimuli (gas or light) creates defects
in the system and drives the material into metastable states dy-
namically, which is attributed to the observed electronic plasticity.
Finally, we examine how such habituation and sensitization learning
trends are beneficial in unsupervised clustering tasks, providing a
more accurate solution with the ability to retain essential informa-
tion under unexpected input variations (Fig. 1 E and F).

Results and Discussion
Habituation and Sensitization Behavior of NiO. Fig. 2 shows the
experimental habituation and sensitization response of NiO de-
vices under 5% H2 exposure cycles and introduction of a short
period of exposure to O3. Initial response with 15 min of H2
exposure and a relatively long time of H2 withdrawal (15 min;
Fig. 2A) demonstrate a reversible behavior and complete for-
getting of previous cyclic exposures due to the long time interval
in training serving as control studies. Reducing H2 OFF time to
45 s while maintaining an identical H2 ON time of 15 min
(Fig. 2B), the response of NiO decreases monotonically, indi-
cating habituation learning of the H2 stimulus. When a short expo-
sure to O3 for 15 s was introduced in between the habituation
training cycles (Fig. 2B), a substantially increased response appeared.

The O3 not only causes dishabituation but also results in an increase
of response by ∼10 times higher than that of pristine state, which is
similar to the sensitization behavior observed in Aplysia. The resis-
tance relaxation behavior during gas exposure and subsequently
in the OFF state is modeled by a two-exponential function

as
R
R0

(t) = ( R
R0

(t = 0) − A1 − A2) + A1 exp(− t
τ1
) + A2 exp(− t

τ2
) ,

where τ1 and τ2 depict, respectively, the fast relaxation process
which could be associated with defect exchange kinetics near the
electrode–film interface region and the slower relaxation kinetics due
to subsequent diffusion across the film thickness (19). It can be ob-
served in Fig. 2C and SI Appendix, Fig. S2 that while the fast relax-
ation process τ1 stays at a similar value (the catalytic activity of the
electrode region does not change during the various exposures) the
relaxation time τ2 corresponding to the overall material behavior
decreases clearly upon habituation and substantially increases with
sensitization.
Additional training tests show that the habituation behavior of

NiO devices is not a result of sample degradation (SI Appendix,
Fig. S3). Moreover, habituation behavior is clearly seen with
further reducing the H2 OFF time scale (Fig. 2D and SI Ap-
pendix, Fig. S4), indicating a time-dependent plasticity of the
learning feature of NiO. On the other hand, the magnitude of
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Fig. 1. Schematic illustration of nonassociative learning behavior including habituation and sensitization in Aplysia versus NiO devices. (A) Gill withdrawal
reflex behavior of Aplysia and schematic of its neuron circuit. A light touch on the siphon leads the gill to withdraw. Repeating the tactile stimulus results in
habituation learning behavior with reduced gill withdrawal. By applying a noxious stimulus, such as shock to the tail, the tactile induced gill withdrawal can
be enhanced as a sensitization behavior (8). (B) The actional potential measured from the sensory neuron and motor neuron during the light tactile and
sensitizing stimulus, where habituation is associated with the gradual diminishing of motor neuron potentials while sensitization is coupled with substantial
enhancement of motor action potentials (11). (C) Schematic of habituation and sensitizing learning behavior in NiO devices. (D) A short exposure of the NiO
device to H2 gas causes electron filling and corresponding sharp electrical resistance increase. This response will gradually decrease, i.e., habituation, upon
repeating H2 exposure and being sensitized by exposure to an O3 stimulus, which enriches the density of holes. (E) Example of a layer of synaptic connections
in an ANN. (F) Unsupervised clustering task in a layer of an ANN employing habituation and sensitization inspired plasticity for improving accuracy and
adaptability (SI Appendix, Supplementary Note 2).
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sensitization and the memory can be enlarged further by in-
creasing the strength of sensitizing stimulus (i.e., the duration of
O3 exposure; Fig. 2E and SI Appendix, Fig. S5). Learning be-
havior can also be demonstrated by utilizing ultraviolet (UV)
light at room temperature (SI Appendix, Fig. S6), suggesting
general routes for the modification of electronic plasticity.

Mechanism Underlying the Evolution of NiO under Various Environmental
Stimuli. Fig. 3A shows that the NiO is stable in air at 200 °C before
introducing the gas stimulus. Upon introducing 5% H2 gas, the
resistivity increases gradually by approximately four orders of mag-
nitude, while the resistivity of the sample drops by approximately two
orders of magnitude during O3 exposure, which indicates the meta-
stability of NiO in H2 and O3 environment during the sensitization
and habituation processes. To understand such environmental ad-
aptation, we then quenched the metastable H2- and O3-exposed NiO
devices to room temperature for further studies. Fig. 3B shows that
the normalized second harmonic near-field amplitude plot of NiO
with respect to Pt reference [s2(NiO)/s2(Pt)] is lower in H2 than the
pristine sample but higher when exposed to O3 gas, indicating a
microscopic modulation of carrier concentration in NiO under en-
vironmental stimuli (SI Appendix, Fig. S7). The structure evolution

after the gas exposures was studied using X-ray diffraction (XRD)
and shown in Fig. 3C. We observe a systematic shift of the NiO (111)
diffraction peak, while the wide-range 2θ scan does not show any new
diffraction peaks (SI Appendix, Fig. S8), which indicates that the NiO
maintains the rocksalt structure with changing of defect states during
gas exposures. The overall out-of-plane lattice change is ∼0.27%,
calculated based on the evolution of peak positions.
X-ray photoemission spectra were utilized to study the evo-

lution of the defect state of NiO after gas exposures. The O 1s
photoemission spectra of NiO are shown in Fig. 3D and fitted
with photoemission from lattice oxygen with peak energy at
∼529.3 eV (OL, orange), oxygen defects (OD, purple, peak energy
at ∼530.7 eV), and hydroxide group with peak energy located at
∼531.7 eV (-OH, blue). Under H2 gas, a predominance of the
-OH group peak appears, indicating mainly the incorporation of
hydrogen into the lattice from the Pt triple phase boundary (20).
For O3-exposed NiO (Fig. 3D), an enlargement of the defect ox-
ygen peak (OD) occurs, indicating the introduction of excess ox-
ygen ions. Such an evolution of defect states in NiO is further
confirmed with the Ni 2p photoemission shown in SI Appendix,
Fig. S9 A and B. Taking the area ratio of lattice oxygen and oxygen
defects, the composition of NiO in pristine and after O3 exposure
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Fig. 2. Habituation and sensitization behavior of NiO devices under successive cycles of environmental stimulus. (A) Relative resistance change R/R0 of NiO
device under switching ON (15 min) and OFF (15 min) 5% H2 for four exposure cycles at 200 °C. A reversible and nearly identical response is observed. (B)
Response (R/R0) of NiO devices under repeating expose to H2 with an additional O3 exposure before the eighth H2 cycle. R0 is the resistance of the devices at the
beginning of each H2 exposures. The H2 OFF period is reduced to 45 s here. The O3 exposure time is 15 s. With reducing the H2 OFF time here, the response of NiO from
the first to seventh H2 exposures shows a continuous decrease, demonstrating a habituation learning behavior. After the O3 stimulus, the response of NiO devices
becomes even larger than that of first H2 exposure, demonstrating a sensitization behavior. (C) Relaxation time as a function of the training process shown in B, where τ1
and τ2 were obtained by fitting the resistance responsewith a two-exponential function. (D) Time-scale dependence of habituation behavior of NiO devices.With shorter
H2 OFF time, the habituation behavior becomesmore prominent, indicating a time-dependent plasticity. (E) Dependence of sensitization behavior on the strength of the
O3 stimulus. The response of NiO devices at first and sixth H2 exposure becomes stronger with increasing the exposure time of the sensitization stimulus.
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are estimated approximately to be NiO1.19 and NiO1.38, respec-
tively (SI Appendix, Fig. S9C).
To understand the electrical response under gas exposures, we

further study the Ni L as well as O K X-ray absorption spectra of

NiO. Both Ni L-2 and L-3 absorption peaks show two compo-
nents, i.e., ∼870 eV vs. ∼871 eV for Ni L-2 and ∼853 eV vs. ∼854
eV for Ni L-3. After exposure to H2 gas, the spectral weight of
the lower-energy component at both Ni L-2 and L-3 peaks
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(Fig. 3E) increases substantially. At the same time, a diminishing
of the prepeak at ∼532 eV is observed at the O–K edge (Fig. 3F).
This indicates electron filling of Ni 3d–O 2p hybridized orbitals
upon hydrogenation, which compensates the preexisting hole
state and leads to the increased NiO electrical resistance in H2.
Upon the sensitizing stimulus O3 the spectral weight transfers to
the higher-energy components at Ni L-2 and L-3 peaks (Fig. 3E).
Notably, a new prepeak at the O–K edge emerges at ∼529 eV at
the expense of the one near ∼532 eV (Fig. 3F), which indicates
an increase in density of hole states and explains the decrease of
electrical resistance of NiO in O3 gas (Fig. 3A). Analysis of the
Ni L-3 edge further confirms the corresponding variation at the
valence state of Ni under gas exposures (SI Appendix, Fig. S10).
The sensitization behavior was further characterized using

in situ X-ray absorption near-edge spectroscopy (XANES) mea-
surement (Fig. 3 G–I). Both pristine and O3-exposed NiO were
sealed in an in situ environmental cell and heated up to 150 °C.
The XANES spectra at the Ni K edge of NiO were continuously
collected when H2 gas was introduced. As shown in Fig. 3 H and I,
the shifting of the Ni K absorption edge of O3-exposed NiO is
much larger than that of the pristine sample.

First-Principles Characterization of NiO with Excess Oxygen. We
studied the incorporation of excess O atoms into NiO by putting
one oxygen atom into randomly generated locations in a 2 × 2 ×
2 NiO supercell and optimizing the structures using density
functional theory with a Hubbard U (DFT+U), which correctly
gives an insulating antiferromagnetic ground state for pristine
NiO (more details in DFT+U Calculations). We find two pos-
sible locations for an O atom, which are shown in Fig. 4 A and B.
The energetically favorable location is the one where the excess
O makes a weak peroxo-type bond with an O atom in the
rocksalt structure, making a NiO3 trimer (Fig. 4A). The bond
length is 1.39 Å, which is longer than the interatomic distance
1.208 Å in molecular O2. The computed formation energy rela-
tive to free atomic O is −0.39 eV. This is consistent with earlier
studies on oxygen self-diffusion of NiO (21–23) in which defect
states with excess oxygen as interstitial defect have been noted. In
the second location, the excess O bonds with an Ni atom, similar

to other Ni–O pairs (Fig. 4B). This configuration is ∼4.5 eV higher
in energy due to the difference in the nature of bonding of the
added O to the rocksalt structure. The effects of the excess O on
the electronic structures are quite different in the two locations. In
location 1, the weak peroxo-type bond made by the added O to
one of the oxygens in the rocksalt structure does not otherwise
disrupt the electronic states of the pristine NiO. On the other
hand, in location 2 two electrons are transferred from the added O
to Ni, which results in significant changes to the hybridized Ni–O
orbitals. Though much higher in energy, this bonding configura-
tion is metastable because a transition to the lower-energy state
would require an energetically costly rearrangement of the elec-
trons and bonds as well as a symmetry breaking. This is consistent
with the observed creation of holes in our experiment, and we
speculate that the oxygen can be captured into this location ad-
jacent to the Ni as it moves into the crystal. Next, we plot the total
density of states (DOS) for the majority spin component for these
two configurations and compare it with undoped NiO (Fig. 4 C
and D). For the metastable configuration (Fig. 4B), the DOS
shows a significant reduction of the bandgap, while for the ener-
getically stable configuration with excess O the reduction of the
bandgap appears to be very small.
For further investigation of the electronic-structure change

due to excess oxygen atoms, we plot the projected DOS on
various Ni atoms and the excess O atom in the supercell for the
majority spin component. Generally, the first valence peak,
which is known as the Zhang–Rice state for binary transition
metal oxides, mostly consists of a strong hybridization between
Ni-3d and O-2p orbitals and the first unoccupied peak in the
DOS consists of mostly Ni-3d (SI Appendix, Fig. S11) (24). For
the stable low-energy configuration (location 1), the excess O
peaks mostly appear as the first valence band, which can other-
wise strengthen the Zhang–Rice state in NiO (Fig. 4E). The first
unoccupied Ni-3d peak splits into two, which is due to breaking
of the symmetry of Ni atoms in the crystal. For the metastable
configuration with excess O configuration (location 2), we see a
dramatic change of the electronic structure. Here, we notice the
appearance of new unoccupied states inside the gap between lower
and upper Hubbard band, indicating their low electrical resistivity,

A B

C D

FE

Fig. 4. DFT+U computed electronic structural change in NiO with the environmental stimulus of excess oxygen. (A and B) NiO with excess O (shown in yellow)
atoms can potentially locate in two energetically favorable positions, one being stable and another in the metastable configuration. We denote them as
location 1 and location 2 and present them in schematic diagrams; we label various Ni positions as Ni-Near and Ni-End. On the right we present the zoom-in
view of added O in two different locations of rock-salt NiO. (C and D) The total DOS for the majority spin component with and without excess O in NiO. (E and
F) Projected DOS for Ni-3d and O-2p for the excess O are plotted for these two configurations. For the stable configuration, the excess O appears as the top
valence band while for more interesting metastable configuration it appears as the first unoccupied band, which is located inside the gap between lower and
upper Hubbard band for undoped NiO.

Zhang et al. PNAS | 5 of 7
Neuromorphic learning with Mott insulator NiO https://doi.org/10.1073/pnas.2017239118

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017239118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2017239118/-/DCSupplemental
https://doi.org/10.1073/pnas.2017239118


consistent with the experimental observed electrical resistance
modulation of NiO in O3. The first unoccupied band in such a
configuration is mostly O-2p (Fig. 4F), which is coincident with our
experimental O K-edge X-ray absorption spectroscopy (XAS)
spectra in Fig. 3F, where an additional absorption peak in the gap
appears due to the excess O3 environment. Thus, the metastable
configuration studied theoretically could be similar to what we ob-
serve in the experiment where the removal of the O3 environment
reverts the system back to the original state. The dramatic decrease
in resistivity with excess O in the experiment can be related to the
metastable state of the excess O configuration, where the system
undergoes a rearrangement of electronic states with an additional
source of holes residing close to the Fermi energy.

Potential Neuromorphic Computing Application. Machine learning
with artificial neural networks (ANNs) has dramatically ex-
panded the scope of tasks that we can perform computationally.
However, logically simulating these networks with traditional
von Neumann architectures on CMOS (complementary metal–
oxide–semiconductor) implementations consumes a tremendous
amount of energy. An important goal in the field of neuromorphic
computing is to improve the energy efficiency of these computa-
tions by implementing these networks in hardware, exploring
beyond-CMOS devices that can mimic useful learning behaviors
with analog computations. In this regard, the observed environ-
mental learning behaviors in NiO presented above (Fig. 2B) are
especially interesting as a starting point.
For example, these habituation and sensitization learning

trends can be advantageously applied to online unsupervised
learning algorithms on dynamic datasets (SI Appendix, Supple-
mentary Note 2). When samples from differing input distributions
are presented to a layer of competing reference vector neurons in
an ANN, unsupervised Hebbian learning rules can perform an
unsupervised clustering task to classify the data. However, such
learning algorithms are traditionally susceptible to catastrophic
forgetting when the different distributions are presented sequen-
tially rather than interleaved. In such scenarios, a combination of
habituation and sensitization behaviors, similar to those observed
in NiO, can beneficially allow for local plasticity modulation—with
habituation providing increased stability and sensitization enabling
successful adaptation to novelty. In SI Appendix, Supplementary
Note 2 and Figs. S13 and S14and Movies S1–S8 we provide ex-
ample simulations that demonstrate these benefits, resulting in a
more accurate solution with the ability to retain essential infor-
mation under unexpected input variations.

Conclusions
In conclusion, we have demonstrated nonassociative learning
behavior in an inorganic system of binary nickel oxide under dif-
ferent environmental stimuli. Electronic plasticity is maintained by
driving the system out of equilibrium and modulating defect con-
centration in dynamic environments. Inspired by the material re-
sponse, neural networks incorporating habituation and sensitization
can demonstrate superior clustering tasks. The results motivate new
directions for strongly correlated insulators in emerging fields of
artificial intelligence. Beyond NiO, other correlated materials which
possess electronic structures sensitive to environmental perturba-
tions and structural tolerance to defect exchange could be promis-
ing to further emulate diverse biological learning behavior.

Experimental Methods
Synthesis of NiO. NiO thin films with a thickness of ∼100 nm were deposited
on c-plane sapphire substrates by the physical vapor deposition method. The
substrates were cleaned with acetone and isopropanol and blow-dried with N2

gas before being transferred into the growth chamber. Pure Ni target was
magnetron-sputtered at a power of 100 W (direct current) under the pressure
of 7 mtorr with flowing of a 10 sccm O2 and 50 sccm Ar gas mixture. During

the deposition, the temperature of the growth chamber was kept at 550 °C.
The growth rate was ∼3 nm/min calibrated by X-ray reflectivity measurements.
The NiO thin film was found to be epitaxially grown on substrate as (111) NiO

// (0006) Al2O3 in the out-of-plane direction, and [211] NiO // [1120] Al2O3 in
plane (SI Appendix, Fig. S1 C and D). Parallel platinum electrodes with a
thickness of 100 nm were deposited on top of NiO thin films using shadow
mask by electron beam evaporation. The width of Pt bars is 1 mmwith spacing
between them of 1.5 mm. Ohmic contact behavior was observed.

In Situ Electrical Measurements. Time-dependent electrical resistance mea-
surements of NiO devices were conducted by continuously monitoring the
voltage–current curves by sweeping a voltage from −0.1 V to 0.1 V with a
step of 50 mV using a Keithley 2635A source meter. The device was con-
nected to the measurement system with an insulating shielded cable to
avoid environmental noises.

Environmental Chamber Setup. A testing chamber with switchable environ-
ments was utilized to study the response of NiO in a variety of stimuli. A
schematic illustration of the chamber is shown in SI Appendix, Fig. S1A. A
sealed temperature-controlled probe station was built to monitor the elec-
trical properties of NiO thin films during changing the gas environment of
the chamber. Extreme reducing and oxidizing environments with p(O2)
spanning more than 30 orders of magnitude were generated by 5% argon-
balanced H2 gas [p(O2) ∼ 10−30 atm] and O3 gas [effective p(O2) ∼ 105 atm, SI
Appendix, Supplementary Note 1]. We monitored the oxygen partial pres-
sure of 5% H2 by a zirconia-based oxygen sensor and estimated the effective
p(O2) of ozone based on the thermal equilibrium between O3 and O2 fol-
lowing literature reports. The gas flow was kept as 100 mL/min to enable a
steep switch of chamber environment (SI Appendix, Fig. S1B). During use the
environmental chamber was located in a fume hood for safety.

Habituation and Sensitization Test Procedure.
Habituation in repeating H2 ON/OFF cycles.We explored the habituation behavior
of NiO devices by periodic exposure of hydrogen (5% of H2) gas in the envi-
ronmental chamber. The measurement was performed at a constant tempera-
ture of 200 °C. Before the habituation and sensitization test, the pristine devices
were isothermal at 200 °C for 1 h in air to obtain a stabilized defect state. The
response of devices was monitored by switching ON and OFF 5% H2 for many
cycles. The H2 ON time was maintained as 15 min for the devices to reach a
metastable high-resistance state. The H2 OFF time was selected spanning from
15 min, which shows totally forgetting behavior to 15 s with substantial habit-
uation learning behavior. The time-dependent plasticity on habituation behavior
was further studied by varying H2 OFF time as 15 s, 30 s, and 45 s.
Sensitization by exposure to O3. In this work, multiple strong stimuli were in-
troduced to explore the sensitization behavior of NiO devices. Exposure to O3

gas in a short period of time with a flow rate of 100 mL/min by using an
ozone generator was found to trigger the sensitization behavior. To study
the dependence of sensitization on O3 strength, the duration of O3 exposure
was varied from 15 s to 30 s. To characterize the sensitization behavior, the
response of the device to repeating H2 exposure was monitored.
Room-temperature realization of habituation and sensitization. The habituation
and sensitization were further investigated at room temperature using UV
light as a sensitization stimulus. During the habituation experiment, an ex-
posure of 5% H2 (15 min) to the device was performed alternatively in an
interval of withdrawal H2 for 15 min. At room temperature, such a narrow
interval is insufficient to remove hydrogen from the device. As a result, the
device shows a weak H2 habituation. Exposure to UV light was utilized to
sensitizing device response to repeating H2 exposure at room temperature.
The UV light source from BHK Inc. was used with an output wavelength
spectrum from λ = 185 to 579 nm, an output power of 7,500 Vrms, and a
current of 30 mA. The operating frequency of UV light is 50 Hz. The devices
were exposed to the UV light for 5 min from a distance of 3 cm. The UV light
breaks the environmental O2 to form O3, which sensitizes the devices.

XRD Measurements. Synchrotron XRD measurements were carried out on a
Newport Kappa diffractometer at beamline 33-ID at the Advanced Photon
Source. X-ray energy of 8,333 eV, which is below the Ni absorption edge
(∼8,345 eV), was selected. The diffraction signals in the vicinity of sapphire
(0006) and NiO (111) Bragg peaks were measured with a PilatusII-100K de-
tector. Additional XRD measurements over a wide angle were conducted at
ambient conditions using the Panalytical MRD X’Pert Pro diffractometer
under Cu Kα radiation. For XRD measurements, NiO devices were exposed in
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H2 and O3 gas for 30 min at 200 °C and subsequently quenched to room
temperature while maintaining the H2 and O3 gas flow.

Ni L Edge and O K Edge XAS Measurement. The absorption spectroscopy on the
O K edge and Ni L edge of NiO thin films was performed at beamline 29-ID IEX
at the Advanced Photon Source, Argonne National Laboratory. Data were
collected in total fluorescence yield in a pressure better than 1 × 10−8 Torr using
a multichannel plate located at 2θ =20° with 7° angular acceptance. Circular
polarized X-ray with an overall energy resolution better than 100 meV was
used. The incidence angle was θ = 5°, which was set to limit the penetration
depth to 10 nm and 40 nm at the O K and Ni L edges, respectively. Using the
drain current from a gold mesh upstream of the sample, the total fluorescence
yield was normalized by the incident X-ray intensity. For this measurement,
the samples were exposed to 5% H2 and O3 gas at 200 °C for 30 min.

In Situ Ni K Edge XANES Measurement in H2. The XANES measurements were
carried out at beamline 33-ID at the Advanced Photon Source. The fluorescence
signal from the sample was measuredwith a Vortex detector. The X-ray energy
was scanned through the Ni K edge between 8,310 and 8,560 eV. The incident
angle was selected as 5° to preferentially probe Ni valence states throughout
the film. The NiO devices were mounted in a thin film cell (25) at the center of
a six-circle diffractometer (Fig. 3G). An Oxford Instrument liquid N2 cry-
ostreamer was used to elevate the sample temperature up to 150 °C. A 3% H2

balanced by helium gas was flowed through the sample cell during the
measurements. For in situ XANES measurements, pristine and O3-exposed NiO
devices were utilized to compare the evolution of the Ni K edge in an H2 gas
environment. The O3 exposure on NiO was conducted at 200 °C for 10 min.

X-Ray Photoemission Measurement. X-ray photoelectron analysis of NiO thin
film after exposing in 5% H2 and O3 gas was performed using a Kratos X-ray
photoemission spectrometer with Al Kα radiations (1,486.6 eV). The binding
energy was calibrated by a C1s XPS peak located at 284.6 eV. For this
measurement, the devices were exposed at 200 °C for 30 min and quenched
to room temperature in 5% H2 and O3 gas.

Midinfrared Nanoimaging. We used scattering-type scanning near-field op-
tical microscopy (s-SNOM) to carry out the experiments. A platinum-coated tip

oscillating at 280 kHz frequency is illuminated by a quantum cascade laser
beam at λ = 10. 5 μm at angle of 45° to the sample surface. The backscattered
light is demodulated at higher-order harmonics of tip resonance frequency
and detected using phase modulation (pseudoheterodyne) interferometry.
s-SNOM functions as a local probe of material properties at high spatial res-
olution (∼20 nm), providing simultaneous topography and near-field mid-
infrared images of sample, allowing mapping of dielectric property variations
(26). For the measurement, the NiO devices were exposed to 5%H2 and O3 gas
at 200 °C for 30 min and quenched to room temperature.

DFT+U Calculations. We performed DFT-based computations within the
generalized gradient approximation of Perdew–Burke–Ernzerhof for ex-
change and correlation (27) using ultrasoft pseudopotentials as implemented
in the QUANTUM ESPRESSO software (28). In our DFT+U computation, we
used U = 7.0 eV (29). The plane wave kinetic energy cutoff was set to 100 Ry
with a corresponding charge density cutoff of 400 Ry. The lattice parameter of
NiO (4.171 Å) is obtained from the experiment. We consider antiferromagnetic
ordering along [111] (AFM II), which leads to R3m space group symmetry, in a
2 × 2 × 2 supercell with 32 atoms. We further tested our results for 3 × 3 × 3
supercell with 108 atoms (SI Appendix, Fig. S12).

Data Availability. All study data are included in the article and/or supporting
information.
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