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Abstract

Perovskite rare-earth nickelates exhibit intriguing electrical and optical properties, such as
metal-to-insulator transitions, resulting from the strong interplay between orbital order and
electron correlation. Of these materials, lanthanum nickelate, LaNiOs, is the only exception where
the metallic phase is robust at all temperatures. Recently, significant efforts have been made to
induce an insulating phase in LaNiOs by dimensionality or stoichiometry control. Electrolyte
gating can be an efficient alternative to manipulate such electronic behavior reversibly and
controllably. In this work, we performed systematic ionic liquid gating studies with electric
double-layer transistor devices to control the electronic properties of LaNiOs. The electrolyte
gating in LaNiOs leads to an insulating phase transition with an increased film resistivity by over
six orders of magnitude. The electrolyte gating behaviors are found to be dependent on not only
gating voltage and duration, but also the atmospheric environment and temperature. X-ray

photoelectron spectroscopy analysis reveals that the ionic liquid gating changes the O vacancy



concentration and Ni valence state with varying gating times. The phase transition is attributed to
enhanced electron correlation as well as opening of the charge transfer gap due to the reduced
overlap between Ni and O bands. Intriguingly the filling of carriers into the Mott-Hubbard gap vs.
charge transfer gap is controlled by the gate voltage. These results suggest that electrolyte gating
devices can be useful for manipulating electron-electron correlation, boosting materials research

to realize exotic physics in correlated systems.



Introduction

Transition-metal oxides exhibit a wide range of intriguing electrical and optical
properties, with one such example being perovskite rare-earth nickelates (RNiO3 where R = rare-
earth metal). One specific property of the RNiO3; materials is a metal-to-insulator transition
(MIT), where the material transitions from a metallic phase to an insulating phase due to strong
interplay electron correlation and orbital ordering'. The phase transition temperature, T,
increases with decreasing cation size of the rare-earth element which reduces the Ni-O—Ni bond

angle®?,

The metallic phase in these RNiO3 materials originates from the hybridization of the Ni
3d and O 2p bands**®. The mechanism for stabilizing the insulating phase at low temperatures
in RNiO;3 has been attributed to charge disproportionation among Ni sites, wherein the bandgap
opened by the charge disproportionation *”~!! is strongly influenced by the Ni-O-Ni bond
angle*®.

In addition to thermal phase transitions, the electronic structures of such oxides can also

612714 cation substitution'”, or oxygen

be modified by methods including strain engineering
vacancy control 618, Of particular interest is the control of LaNiOs, the only rare-earth
nickelate that is metallic at all temperatures in its bulk form**!7!?. In particular, vacaum

annealing”!” and dimensionality control of LaNiO3 films'® have been explored as novel methods

to generate oxygen vacancies and induce an insulating phase in the metallic compound.

In this paper, we explore a method for reliably and reproducibly altering the electrical
properties of LaNiOs through ionic liquid (IL) gating?®2*. IL gating utilizes an electric double-

layer transistor (EDLT) structure to manipulate the charge carrier density in a material, as shown



in Figure 1¢®. In an EDLT, a gate voltage (Vg) is applied between an IL and a target material,
such as LaNiOs. At small voltages, the mobile ions moving under the Vg are unable to permeate
into the sample and accumulate near the film surface?®. This induces an equal charge density on
the sample side of the interface, resulting in electrostatic doping of carriers. Under large enough
bias, ions can pass through the surface of the sample through an electrochemical process and
generate interstitials, substitutional defects, or vacancies in the films*?7. Such electrochemical
processes lead to drastic and nonvolatile changes in the sample’s resistance and have been

explored as a novel basis for neuromorphic computing®®.

In this study, we utilized electrolyte gating with ILs to control the electronic behavior of
LaNiOs thin films. These electrolyte gated LaNiOs3 films exhibited a significant increase in
resistivity, accompanying a transition from metallic to insulating behavior. We systematically
investigated the resistance change depending on the IL gating voltage, gating environment, and
duration. We observed non-trivial evolution of the Ni valence state and oxygen vacancy content
using X-ray photoelectron spectroscopy (XPS), which were attributed to the competition
between Mott-Hubbard band and charge-transfer gap. Our studies show that oxygen deficient
nickelate thin films form a platform for investigating the interplay between correlation and
charge transfer and electrolyte gating creates exciting avenues for the in-situ control of this

interplay.

Experiment

Thin Film Growth

LaNiOs films were grown on single-crystalline SrTiO3 (001) substrates by pulsed laser

deposition. One-inch diameter LaNiOs targets (Lesker) were ablated with a KrF excimer laser



(wavelength = 248 nm). SrTiO; substrates were pre-annealed at 930 °C with an oxygen partial
pressure of 5 x 107 Torr in order to obtain atomically flat surfaces. For the depositions, the
substrate temperature was kept at 570 °C with an oxygen partial pressure of 150 mTorr. The laser

fluence used was 1 J/cm? with a laser repetition of 6 Hz.

Thin Film Characterization

The crystal structure and surface morphology of LaNiO3s samples were characterized
using X-ray diffraction (XRD) and atomic force microscopy (AFM), respectively. XRD
measurements were performed using a Bruker D8 Advance. AFM measurements were performed
using a Digital Instruments Nanoscope V AFM. To analyze the thickness of LaNiOs thin films,
X-ray reflectometry (XRR) measurement was performed using the Bruker D8 Advance and

analyzed by a LEPTOS software package.

Ionic Liquid Gating

A schematic view of the ionic liquid gating device is shown in Fig. 1(c). IL gating of the
LaNiO; films was performed in two environments: in-air and in-vacuum. In-air measurements
were performed in the ambient atmosphere using a probe station. Cr/Au contacts were deposited
onto LaNiO;3 films using thermal evaporation with shadow masks. During the gating
measurements, the films were immersed in the ionic liquid, 1-Hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (HMIM-TFSI), and a third platinum probe was used as the
gate electrode for the measurements. The resistivity of the sample is calibrated with 4-probe

measurements in a van der Pauw geometry.



In-vacuum measurements were performed on prepared samples using a 9T PPMS system
(Quantum Design). The vacuum level during the gating and measurement was kept at ~10 Torr.
Samples used for PPMS gating measurements only had the LaNiOs film deposited on half of a 5
x 10 mm? SrTiOs substrate, leaving a 5 x 5 mm? section of the substrate exposed. Cr/Au contacts
were again deposited using thermal evaporation and metal masks. In this case, another Cr/Au
contact was deposited on the exposed substrate to serve as the gate electrode. Al wire bonding
was used to connect the samples with the PPMS puck. Each sample was covered completely with
the IL HMIM-TFSI before being inserted into the 9T PPMS. Two Keithley 2400 SourceMeter

SMU units were used to measure the resistance of the films and apply Vs, simultaneously.

Electrochemical analysis

XPS measurements were performed at the National Institute of Standards and
Technology with a Kratos XPS, using a monochromatic Al Ka (1486.6 eV) X-ray source.
Analysis of the data was performed using CasaXPS. A Shirley background method was used and

each spectrum was calibrated based on the carbon peaks at 284.8 eV as the reference peak’!.

Results

Figure 1a shows the pseudo-cubic crystal structure of LaNiOj3 thin films. The XRD
patterns of the LaNiOs thin films were measured to characterize the crystal structure and quality
of the film. The XRD patterns of the pristine films show the presence of a diffraction peak
maximum at around 47.9° alongside the SrTiO3 substrate peak, as seen in Figure 1b. This
confirms the successful deposition of pristine LaNiO3 on the SrTiO3 substrate without detectable

impurity phases. The XRR measurements seen in Figure 1b inset showed that the films were



approximately 35 nm thick. The initial temperature-dependent resistivity of the films measured

using a 9T PPMS showed metallic behavior, as seen in Figure 1d.

We first investigate the modification of the LNO resistivity with varying gate voltage Vg
at room temperature in air. We first apply a small gate voltage of +1V to the sample and observe
an increase of the sample’s resistivity from its initial value of around 129.4 nQ cm to 130.7 nQ
cm. Even under a small gate voltage, we note obvious hysteretic gating behaviors. When the gate
voltage is removed, the sample resistivity drops but to a value higher than the pristine state.
Under a negative voltage, the sample resistance returns to its initial state, and remains close to its
value after the gate voltage is removed, suggesting the reversibility of the gating process under
this particular gating cycle. This reversibility was measured with a different pristine sample and
was repeatable, as shown in Figure 2b, where the resistivity stabilized at a similar level after each

cycle.

The symmetric response to gate voltage is essential for applications in neuromorphic
computing devices. To further investigate the film’s response to such a gating procedure, we
increase the maximum gating voltage to 3V. This cycle was then repeated with £2V and +£3V,
with the measured resistivities shown in Figure 2a. An applied V¢ = +2V increases the resistivity
from 129.4 to 173.2 nQ cm, with a subsequent V¢ = -2V reducing the resistivity to 152.4 nQ cm.
Once the V¢ is removed, the resistivity stabilizes around 150 nQ cm. For the maximum gate
voltage of +3V, the resistivity increases up to 4,383 nQ cm and stabilizes at 740.9 nQ2 cm when

the voltage is reversed to -3V after 15 minutes.

In contrast to low gate voltage, higher gate voltages (|Vg| > 2V result in a net increase in

the resistivity of the films. For a Vg = £2V, the resistivity shits by ~0.02 mQ cm, while a Vg =



+3V increases the resistivity by up to 30 times its initial state before it stabilizes at ~0.719 mQ

cm, five times larger than the initial resistivity.

The hysteretic gating behaviors at all gate voltages and modification of the sample’s
resistivity at higher gates suggest that electrochemical processes significantly contribute to the
observed resistivity change. The fact that the sample’s resistivity does not revert to its initial
values under this symmetric gating procedure suggests asymmetric reaction barriers for
electrochemical reactions during the ionic liquid gating experiments. To further understand the
underlying electrochemical reactions, we perform IL gating measurements in different ambient
conditions, i.e. air and vacuum, and measure the change in resistivity under +3V gate over long
periods of time. As seen in Figure 2c, samples gated in-air show a peak resistivity of 211 mQ cm,
before stabilizing around 150 mQ cm after four hours. In contrast, gating LaNiO; films in-
vacuum results in an increase in resistivity from 0.08 to a peak of 65,500 mQ cm, before

stabilizing at around 46,000 mQ cm after a period of four hours.

IL gating of the LaNiOs3 thin films results in not only an increase in the resistivity of the
film, but also modifies the band structures of the sample. This is evidenced by the resistivity-
temperature measurements taken using in-vacuum gated samples from 300K down to 1.8K. As
seen in Figure 2d, pristine samples show metallic behavior, with decreasing resistivity as the
temperature decreases. After a LaNiO; film sample was gated in vacuum for four hours and its
resistivity had stabilized, the temperature was reduced to 1.8K with the IL and VG still applied to
the sample. Unlike the pristine LaNiO3 sample, this gated sample with V6 =+3V shows an
insulating resistivity behavior, where the resistivity increased from 3,500 to over 42,000 mQ cm
as the temperature decreased. Interestingly, the insulating behavior persists even after removing

the ionic liquid and the vacuum environment. After removing the sample from PPSM vacuum



and rinsing with IPA to remove the IL, the samples were then stored in a desiccator for a few
days before being remeasured in a PPMS. When the R—T behavior was remeasured, the initial
resistivity at room temperature had reduced to 240 mQ cm but showed an insulating behavior,
demonstrating a persistent change in the electrical properties of the LaNiOs films compared to its
initial pristine state. Remarkably, even very low gate voltage (V¢ << 1V) can induce insulating

behavior in the LaNiO3 devices, making the slope of the R—T curve negative (Figure 2d).

AFM measurements of pristine and gated films reveal the changes in surface morphology
in the LaNiOs films due to IL gating. Pristine films have a surface roughness (RMS) of around
0.83 nm, showing that the PLD process produced uniform and smooth films, seen in Figure 1d
inset. Films that were lgated at Vg = +3V for over 10 hours show significantly increased surface
roughness with an RMS value of 4.55 nm, demonstrating how the IL gating process affects the

surface properties and can cause degradation in the LaNiO3 ﬁlms].

In order to investigate the underlying electrochemical reactions leading to our
experimental observations, XPS measurements were taken on various films which were gated for
different periods of time. XPS graphs of the O 1s and Ni 3p spectra for pristine and 40-hour
gated films are shown in Figure 3. The XPS data were calibrated using the C 1s = 284.8 eV peak
as a standard?!. The O Is spectra show peaks at 527.9 and 528.5 eV (Ojar), which can be
attributed to lattice oxygens that are bonded to La and Ni atoms in the crystal structure,
respectively 3234 The peak at around 531.2 eV (Ov) has been shown to be representative of
oxygen vacancies that have formed in the film 323>, From the O 1s spectra with increasing
gating time, the ratio Ov/Oia, showing the concentration of oxygen vacancies in the film, can be
determined. For pristine samples, Ov/Oa is approximately 1.07. As the samples are gated for

increasing periods of time, the ratio increases up to 2.58 for the 40-hour gated LaNiO3 sample.
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This suggests that the IL gating of the film results in an increased oxygen vacancy formation in
the film. This also explains how the gating environment affects the sample’s response to
electrical voltages. In the in-air environment with high oxygen partial pressure, the IL contains
more oxygen and in fact can be saturated with oxygen atoms?>. This decelerates the process of
removing the oxygen atoms from the LaNiO; films, reducing the amount of oxygen vacancies
formed in the film and resulting in a smaller resistivity peak. In contrast, gating in-vacuum
allows the oxygen atoms that are removed from the film to be purged from the vacuum chamber,

resulting in more oxygen vacancies in the film and a greater change in resistivity?>=*.

The increased oxygen vacancy formation in the films can result in the reduction of Ni**
to Ni?* in the films, which we further investigated using the Ni 3p spectra, as shown in Figure 3.
Due to the coupling of spin-orbit splitting and multi-splitting, both the La 34 and Ni 2p spectra
show complex multi-component structures'>3%37. The Ni 2p3» peaks also overlap with the La
3ds» peaks, creating difficulties in determining the Ni valence in the films**. On the other
hand, the Ni 3p core-level spectrum, while having a reduced intensity compared to the Ni 2p
spectrum, does not overlap with other peaks!”-*®*!, Therefore, the Ni 3p core-level spectrum was
used to distinguish between Ni** and Ni?" in the films. The Ni 3p spectrum shows peaks at 66.46
and 70.09 eV, corresponding to Ni** and Ni?* 3p3p2, respectively, as well as their satellite
peaks! 73338418 The pristine sample exhibits a Ni3*/Ni?* ratio of 0.304. The relatively high Ni2+
content in pristine samples could be related to the formation of oxygen vacancies at the sample
surface due to the thermodynamic instability of Ni**ions*. As the films are gated for longer
periods of time, this ratio decreases to 0.143, showing the shift in Ni valence in the film towards

Ni?*, These XPS measurements offer complementary insights into the trend where longer gating



times increase the resistivity of the LaNiOs films, affecting the Ni valence and oxygen vacancy

concentration.

Previous experiments established that in the absence of hydrogen doping, the IL-gated

rare earth nickelate can go through the following electrochemical reactions
2NP* + 0§ & 2NiZ* + V3 +20, (1)

When the oxygen leaves the nickelate lattice, the Ni** atoms in the lattice become destabilized
and form Ni** ions, resulting in the increase in resistivity that is seen in the films®®. This is
consistent with our XPS studies of LaNiO3 films at the initial gating stage, where both Ni
valence state and oxygen vacancy concentration are modified significantly, as shown in Fig. 4a.
Intriguingly, with longer gating time, the change in the Ni valence slows down while the oxygen
vacancy concentration shows a more significant increase. This suggests that a more complicated
electrochemical process than previously assumed occurs over longer gating periods, where

oxygen vacancies are created without significant modification of the formal Ni valance state.

To understand the observed experimental phenomena, we first rationalize the change in
the resistivity and then examine additional insights gained from chemical characterizations. The
change in electrical properties of the LaNiOs3 films can be attributed to the shifts in oxygen
vacancy concentration and Ni valence in the films. The metallic behavior in LaNiO3 comes from
the overlap between the occupied O 2p valence band and the unoccupied Ni 3d conduction
bands®®. When oxygen vacancies are introduced into the film, the Ni valence shifts from Ni** to

Ni**. Compared with Ni** with a (t5,e4) electron configuration, Ni*" hosts a partially filled eg
orbital (t3,e2) at exactly half-filling, which leads to much stronger correlated electron effects

and leads to a bandgap in the film !¢183445 Furthermore, the larger ionic radius of Ni** (69 pm)



compared to Ni*" (56 pm) increases the Ni—O bond length and reduces the Ni-O-Ni bond
angle3**S. This causes a reduction in the bandwidth for both the O 2p and Ni 3d bands and
reduces the overlap. The reduction of the bandwidth also opens up a larger charge transfer
bandgap, as shown in Figure 4733442 These effects of the Ni valence change result in the
bandgap opening and lead to the increased resistivity exhibited by the films, i.e., a transition

from a metallic phase to an insulating phase in LaNiOs.

While this simple picture captures the essence of the experimental observations, the
evolution of oxygen vacancy concentrations and Ni valence states from XPS analysis reveals the
nontrivial band hybridization effects. In particular, for short gating duration and low oxygen
vacancy concentrations, there is a large modification of the formal valence state of Ni, indicating
that a significant fraction of electrons is added to nickel with positively charged oxygen vacancy
formation, as shown in equation (1). Upon higher doping concentrations, the removal of oxygen
vacancies does not modify the Ni valence state at the same rate as before (Figure 4a), suggesting
the electrons now occupy the oxygen vacancy sites by creating vacancies with reduced positive
charges Vg or even neutral charges V9. In the band structure picture, this corresponds to the
electron filling of the O 2p band. Therefore, the insulating states created by the ionic liquid
gating at the longer gating period shall be considered as an intermediate state between Mott-
Hubbard and charge-transfer insulator featuring significant band overlap between the O 2p band
and the upper Hubbard band. Such realization of a mixed Mott-Hubbard and charge-transfer state
creates exciting opportunities for investigating and controlling the interplay between correlation

and charge-transfer in oxides by ionic liquid gating.

As the changes in resistivity can be attributed to an increased concentration of oxygen

vacancies and a Ni valence change, it is possible that the MIT in LaNiOs that occurs due to the



applied positive VG can be reversed by switching the polarity of the applied gate voltage. We
note, however, that in our symmetric gating experiments the resistivity increases to a higher
value than its initial state. In rare earth nickelates, Ni** is known to be thermodynamically more
favorable than Ni*" under ambient oxygen pressures. Although Ni** in LNO is the most stable
among the rare earth nickelate family**, the thermodynamic and kinetic barriers to switch from
Ni** to Ni?* can be still considerably smaller than the reversal process. For applications in
neuromorphic computing, it is critical to have a pair of bistable states with minimal difference in

the thermodynamic and kinetic barriers so that one can realize a symmetric gate response?®4743,

Further development of methods to control the energy landscapes such as by strain tuning**->

and capping with an oxygen barrier to prevent oxygen>'>* loss to the environment could open

exciting avenues for applications to neuromorphic computing devices.

Conclusion

We fabricated LaNiO3 thin films using PLD and performed systematic IL gating
experiments by tuning gate voltage, duration, and vacuum environment. We observed an
increase in the resistivity over six orders of magnitude in the LaNiO3 devices gated in a low
vacuum. This is attributed to a rise in oxygen vacancy concentration and a shift in the Ni valence
from Ni** to Ni?*. XPS analysis further shows non-trivial modification of Ni and O valence
states, which were attributed to the electron filling of the Mott-Hubbard and charge-transfer
bands. These electrochemical transitions enhance electron-electron correlation, thus decreasing
bandwidth, reducing the overlap between O and Ni bands, and eventually inducing an insulating
phase transition in LaNiOs;. This demonstrated capability of reliably and reversibly manipulating

the electrical properties of perovskite nickelate thin films via IL gating opens new avenues for



investigating the interplay between electron correlation and orbital effects and may find

applications in neuromorphic computing.
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Figure 1. (a) Pseudo-cubic crystal structure of LaNiO3 and (b) the XRD 26-e scan of LaNiOs3 on
SrTi03(001) substrates. Inset, XRR graph of LaNiOs films with thickness of 35 nm. (c) Side-
view schematic of the IL-based electric double-layer transistor device used for the gating
experiments. The ionic liquid used was HMIM-TFSI. S and D indicate source and drain
electrodes, respectively. Vg indicates gate voltage applied, and Vsp indicates the applied source
drain voltage used to measure the resistance of the films. (d) Temperature dependence of the
resistivity of pristine LaNiOs thin films after PLD deposition. Inset, AFM image of pristine
LaNiO; thin film with RMS value of 0.83 nm.
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Figure 2. (a) Resistivity changes in LaNiO3 with gate voltage cycling. The applied V¢ sequence
used: (1) 15 min positive Vg = (2) 15 min V=0V = (3)15 min negative V¢ = (4) 15 min Vg
= 0V. The voltages applied were V== 1V, + 2V, and + 3V. (b) Reversibility of resistivity
changes using a low applied V' =+ 1V. The cycles use the same sequence as before but for a
duration of 20 minutes per segment. (c) Gating time dependence of room temperature resistivity
in LaNiOs3 IL gating devices with a Vg =+ 3V. Inset, images of pristine and gated samples
showing color difference after IL gating. (d) Temperature dependence of LaNiO3 samples in the
pristine state (pristine), during IL gating (gating), and after the /¢ and IL were removed from
samples (post-gated). A physical measurement limit occurs when the resistance was too large to
be measured (gray area).
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Figure 3. XPS spectra of LaNiOs films in pristine and gated states: O 1s for pristine (a) and gated
(c) samples, and Ni 3p for pristine (b) and gated (d) samples. The O 1s XPS data was fitted by
deconvoluting with three components: O—La (red), O—Ni (blue), Ov (purple). The Ni 3p XPS
spectra show the deconvoluted 3ps/ peaks (solid lines) and the 3p1/> peaks (dashed lines) for Ni*
(orange) and Ni** (cyan) ions.
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Figure 4. (a) Evolution of Ni valence state and oxygen vacancy concentration in LaNiO; as a
function of IL gating time. The band structure and electron configuration of (b) pristine and (c)

gated LaNiOs.



