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Martin Z. Bazant, and Jennifer L. M. Rupp*
inefficient to simulate the brain—a group
of neurons connected by weighted connections—on traditional transistor-based
hardware, which amount to a collection of
binary switches. This fundamental incompatibility is compounded by well-known
problems with transistor-based architectures[5–7] due to inescapable quantum
effects (tunneling), nanoscale heat management, and difficulty building devices
into the third dimension.
In response to the growing prevalence
of NN algorithms, there is increasing
interest in developing “neuromorphic”
hardware that mimics the brain and thus
would naturally complement NN algorithms, enabling faster and more efficient execution. One promising approach
is based on “memristors”, or circuit
elements whose resistive state can be
switched under high electric fields to store
information, either by ionic migration[5] or
due to a phase-change.[8,9] For NN application, memristive devices must meet a
number of requirements, admitting certain variability at the device level:[10,11]
µs-ms switching timescales, relatively long state retention
≈105s, and large number of addressable resistive states, which
implies large resistance ratios (Roff/Ron > 500). Memristors
are also central to research into Resistive Random Access

Specialized hardware for neural networks requires materials with tunable
symmetry, retention, and speed at low power consumption. The study
proposes lithium titanates, originally developed as Li-ion battery anode
materials, as promising candidates for memristive-based neuromorphic
computing hardware. By using ex- and in operando spectroscopy to monitor
the lithium filling and emptying of structural positions during electrochemical
measurements, the study also investigates the controlled formation of
a metallic phase (Li7Ti5O12) percolating through an insulating medium
(Li4Ti5O12) with no volume changes under voltage bias, thereby controlling
the spatially averaged conductivity of the film device. A theoretical model to
explain the observed hysteretic switching behavior based on electrochemical
nonequilibrium thermodynamics is presented, in which the metal-insulator
transition results from electrically driven phase separation of Li4Ti5O12
and Li7Ti5O12. Ability of highly lithiated phase of Li7Ti5O12 for Deep Neural
Network applications is reported, given the large retentions and symmetry,
and opportunity for the low lithiated phase of Li4Ti5O12 toward Spiking Neural
Network applications, due to the shorter retention and large resistance
changes. The findings pave the way for lithium oxides to enable thin-film
memristive devices with adjustable symmetry and retention.

Neural network (NN) algorithms[1–4] play an increasingly
important and widespread role in modern computing. Despite
advances in software, however, there remains a fundamental
challenge in hardware, since it is inherently awkward and
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Memories (RRAM)[12] and even long-term data storage.[13] The
requirements in these applications are different: ≈ns resistive
switching, much longer state retention (>10 years), and high
cycle-to-cycle reproducibility (<1%). However, memristors
for storage applications do not need such a large number of
addressable resistance states (resistance ratios < 10).
The largest two categories of memristive devices—valence
change memories and electrochemical metallization memories—rely on creation, annihilation, and motion of ions and
defects through ionic conductors under a bias (which is used
to control resistive state). Valence change memories are based
on transition metal oxides whose resistive state depends on
the redistribution of bulk O2– and O2– vacancies under bias
(and resulting reduced metal cations).[5,14–20] Typical diffusivity
values for state-of-the-art switching oxides (SrTiO3,[21] TiO2[22]
and TaOx[23,24]) are 10−15–10−13 cm2 s−1 at ambient temperature. In contrast, electrochemical metallization memories[25]
are based on electrochemically active metal electrodes. Under
bias, mobile cations, such as Ag+ or Cu2+, are transported
through the interstitials of a solid electrolyte (usually a chalcogenide) forming and dissolving metallic filaments via redox
reactions at the electrodes. Typical diffusivities range around
10−4–10−7 cm2 s−1[26] in Cu2–αS electrolyte films, which result
in low switching currents under applied voltages.[27–30] Both
classes of memristive devices rely on filament formation, a
highly complex process still under investigation. Although
empirical operation protocols have been devised for voltage
and current versus time, it is difficult to predict the size and
number of formed filaments, which hinders reversibility, accuracy and symmetry. This, in turn, can be detrimental for neuromorphic devices, where analog switching with finely adjustable
resistive states is desirable.
Li-ion intercalation oxides are an attractive new class
of functional materials for memristive devices.[31] Relative to valence change memories, Li-ion intercalation oxides
have at least 2 orders of magnitude larger diffusivities
(10−9–10−11 cm2 s−1).[32–34] Additionally, a metal–insulator transition (MIT) can be easily and drastically tuned by changing
the Li content of the material. More specifically, by tuning the
overall lithium concentration in LixCoO2 films, one can change
the average conductance of the device by several orders of magnitude across the MIT.[35–39] However, the dynamics for creating
new stable electronic states in LixCoO2 devices are still under
debate, and phase separation associated with the MIT leads to
complex switching behavior.[36,40]
Other alternative and promising compounds for use in
future neuromorphic devices are doped lithium-spinels
Li1–xB2O4−δ. The transition metal ion, B, can be modulated in
its electronic valence and spin state through the stoichiometries
of both Li and B structural sites. In fact, the choice of B site
cation thus has a significant effect on the electronic structure,
and therefore can enable MIT that effects the magnitude and
shape of resistive switching behavior. One remarkable ability
of Li-spinels is that the Li ion and transition metal can occupy
both the tetrahedral and octahedral sites, depending on the
valence state, ionic radii and d-band electronic count of the
transition metal. In contrast to binary oxides and perovskites,
Li-spinels offer a wider range of conditions to manipulate
the crystal stabilization energies and to tailor phase change
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dynamics for inducing metal–insulator transitions. To date,
there has been only one report on the switching characteristics
for the Li-spinel LiFe5O8.[41] Besides that, the scarce literature
on Li-based memristor architectures has focused on layered
hexagonal LixCoO2,[36–39,42] layered LiNbOx[43–46] and perovskite
LiLaTiO3.[47]
In this work, we propose Li4+3xTi5O12 as a new material for
neuromorphic computing. Its ability to undergo metal–insulator transition under applied bias (electric field), allows for
changes in its intrinsic switching characteristics, such as retention, switching dynamics and resistive ratio. Furthermore,
Li4+3xTi5O12 develops very small strains for x ∈ (0, 1), and thus,
in contrast to LixCoO2 and other layered oxides, can be characterized as a zero-strain material[48] with a cubic and therefore
isotropic (spinel) structure.[49–51] Structurally, this phenomenon
occurs due to the small interatomic distances between the 8a
sites, that are filled in the stoichiometric Li4Ti5O12 phase, and
the 16c sites, filled in the highly lithiated Li7Ti5O12.[52] Overall,
Li4+3xTi5O12 can be operated as zero-strain memristor with isotropic electronic state changes and transport characteristics
(in- and cross-plane properties) allowing for high flexibility for
designing memristive devices with superior cyclability. There
is still a debate on whether a solid solution through intermediate phases is formed, or there is a two-phase coexistence
between Li4Ti5O12 and Li7Ti5O12,[52,53] as assumed in Li-ion battery modeling and synthesis of both end members with controlled stoichiometry in film form is challenging.[54,55] Despite
the recent impact of lithium cobaltites on neuromorphic
computing and initial modeling their metal–insulator transitions,[40] lithium titanates have yet to be explored as functional
material for memristors, focusing on their unique electronic
properties and strain-free phase separation under large electric
fields.
Here, we studied and exploited the fundamental chemical
and structural characteristics of lithium titanate for the development of neuromorphic computing architectures. We used
in-depth spectroscopic analysis to understand the fundamental
mechanism linking switching behavior and MIT of lithium
oxide materials. We translated our understanding into materials and devices, using new processing capabilities that allow
us to uniquely set, during deposition, the lithium stoichiometry
to that of spinel Li4Ti5O12 phase or the rock-salt Li7Ti5O12 phase.
This synthesis methodology adds new capabilities to define
the original phase and structure before and after switching
for lithium oxide films, which has not been studied in earlier
reports on LixCoO2 or any other lithium-based memristive
device. Next, we propose a thermodynamic model that interprets the metal–insulator transition as an electric field-induced
phase separation process between Li4Ti5O12 and Li7Ti5O12. We
then apply the model to qualitatively explain our experimental
findings, providing further insights into the origin of the large
changes in conductivity upon applied bias. Finally, we propose material requirements for lithium-based neuromorphic
architectures.
We first explored the effect of lithiation degree established
in the initial growth of lithium titanate films by pulsed laser
deposition. Two-terminal structures of Li-titanate thin films
sandwiched between Pt metal electrodes were fabricated
in order to exemplify their resistive switching capabilities,

1907465 (2 of 12)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advmat.de

Figure 1a. Various top 250 µm × 250 µm Pt microelectrodes
for cross geometries on a Li-titanate thin film are shown,
Figure 1b. We deposited either the insulating spinel Li4Ti5O12
or conducting rock-salt Li7Ti5O12 phase, building two types
of switching devices. We control the phase as in ref. [56].
We carried out a multilayer deposition, including an internal
lithiation reservoir (Li3N), at moderate temperatures to form
a single phase. The number of layers of Li3N determines the
amount of lithium in the film, in the stabilizing either rocksalt Li7Ti5O12 phase or the insulating spinel Li4Ti5O12. Controlling lithium stoichiometry and manufacturing of highly
lithiated phases (as required for the Li7Ti5O12) remains still

challenging in the oxide Li film synthesis community, where
direct deposition of a Li7Ti5O12 film has not yet been reported.
Using the synthesis with an additional Li3N source allows us
to uniquely deposit both lithium titanate phases of low and
high lithium content as model thin-film structures for future
memristive switches.
We analyzed the cross-sectional SEM images of 100 nm
thin Li4Ti5O12 and Li7Ti5O12 films integrated with a Pt bottom
electrode on Si3N4/Si chips. The Li7Ti5O12 film was dense,
flat, and continuous with no evidence of porosity. We judge
the synthesis approach to a be successful method to introduce
higher lithiation degree in the films, with no need of complex

Figure 1. a) Schematic of the Li-titanate device with memristive functionalities. b) Top view image of the Li4+3xTi5O12 devices with Pt electrodes.
c) Cross-sectional SEM image of a Li7Ti5O12 thin film deposited by pulsed laser deposition on Pt/Si3N4/Si substrates. d) HRTEM of a (111) oriented
grain in a Li4Ti5O12 film. Inset shows Fast Fourier Transform (FFT) of the grain. e) HRTEM of a (111) oriented grain in a Li7Ti5O12 film. Inset shows
Fast Fourier Transform (FFT) of the grain. f) Raman spectra of thin film of Li4Ti5O12 and Li7Ti5O12 films deposited on Pt/Si3N4/Si substrates acquired at
10 mW with a 532 nm wavelength laser. Powder reference patterns (Li4Ti5O12) as well as highly lithiated PLD target (Li7.1Ti5O12) are included. g) Detail
analysis of peak position for the three Raman active bands for the Li4Ti5O12 and Li7Ti5O12. A shift toward lower wave numbers in the A1g Ti-O band,
indicating a reduction of Ti valence states, and a peak splitting in the Eg Li-O bands are observed in the highly lithiated film. h) Schematic representing
the position of the mobile Li ions in the structure in the Li4Ti5O12 films (tetrahedral 8a positions) versus in Li7Ti5O12 (octahedral 16c positions).
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electrochemical cell arrangement, Figure 1b,c. Reducing the
lithium concentration to the Li4Ti5O12 phase in synthesis does
not significantly alter the film microstructure which we detail
in Supporting Information Figure S1. X-Ray diffraction (XRD)
confirms the Fd3m space group for both films with nearly identical lattice parameters for both lithium titanate phases, see
Supporting Information Figure S2. Thus, we conclude lithium
titanate is a “zero-strain” lithium oxide, with no strong volumetric change upon phase change for the films. Additionally,
we conclude that phase differentiation is nearly impossible to
achieve via XRD, in accordance to earlier reports.[48,57] To gain
further insight into the macroscopic and structural differences
of both film phases for the switching devices, we turned to high
resolution transmission electron (HRTEM). The microscopic
analysis shows in both cases polycrystalline films with comparable average crystallite size of 18 ± 10 nm for Li4Ti5O12 and
21 ± 10 nm for Li4Ti5O12. In the lower lithiated Li4Ti5O12 film,
an inter-planar spacing in (111) oriented grains of 0.482 nm is
found, Figure 1d. The reduced fast Fourier transform suggests
a spinel structure in the Li4Ti5O12 phase, see inset in Figure 1d.
In contrast, for the Li7Ti5O12 film at deposition, the interplanar distance in (111) oriented grains is slightly enlarged to
0.488 nm, Figure 1e. The reduced fast Fourier Transform suggests a rock-salt-like crystal structure in the Li7Ti5O12 phase,
combined with slight elongation along the (111) direction, see
inset in Figure 1e. This elongation is a strong indication of a
successful deposition at a larger lithium concentration per unit
cell and points to the Li7Ti5O12 phase for this film.
To ultimately confirm the phases, we turned to Raman
spectroscopy, Figure 1f: Three main Raman active bands are
observed for Li4Ti5O12 positioned at 676, 421, and 231 cm−1,
which are attributed to the symmetric stretching vibration
mode A1g of the TiO bond, the asymmetric stretching mode
Eg of the LiO bond and the bending vibration mode F2g of
the Ti-O, respectively. These can be attributed to a full development of the insulating Li4Ti5O12 phase by comparison (and
agreement) with Ref. [58]. For Li7Ti5O12 films, the main Raman
active bands are located with red shifts at 662, a peak splitting
at 415 and 403, and 230 cm−1 and the appearance of a new
peak 340 cm−1. Peak splitting at 415 and 403 cm−1 and an extra
vibration at 340 cm−1 indicate the successful synthesis of the
metallic conducting phase Li7Ti5O12. We assign the splitting
and extra vibration mode of the Li7Ti5O12 film to the transfer of
its lithium ions from the Wyckoff 8a tetrahedral positions to the
16c octahedral positions. In case of the Li4Ti5O12 films, the 16c
octahedral Wyckoff positions are expected to be empty leading
to an increased electronic band gap and therefore, resulting in
an insulating behavior in accordance to Refs. [48,59–61] for pellets and Refs. [61] for films. This is further supported by the
strong red shift of 14 cm−1 for the A1g vibration mode of the
TiO bond for the Li7Ti5O12, when compared to the Li4Ti5O12
film, which indicates a reduction of Ti4+ to Ti3+, Figure 1g. The
Raman spectrum of our Li4Ti5O12 film matches perfectly with
the Li4Ti5O12 reference measured on Li4Ti5O12 powders, see
Refs. [48,58–60,62]. The higher lithiated film shows an almost
identical match to the Li7Ti5O12 ceramic pellet used for synthesis, and it is in line with in situ electrochemical cells used in
Raman experiments to actively lithiate with a chemical lithium
source,[48] Figure 1h. We conclude that to the best of our
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knowledge it is first time that the Li7Ti5O12 phase has directly
been synthesized in thin film form, which we credit to the use
of the new Li3N synthesis route to overlithiate. Further experimental evidences and discussion of the as-deposited Li4Ti5O12
and Li4Ti5O12 phases investigated by Electron Energy Loss
Spectroscopy (EELS) and Electrochemical Impedance Spectroscopy can be found in the Supporting Information.
In summary, lithium titanate films of Li4Ti5O12 and Li7Ti5O12
were successfully deposited as either insulating or conductive
components for two-terminal memristive device structures. We
actively manipulate the metal-to-insulator transition of lithium
titanate at PLD deposition using an internal lithiation (based on
a new synthesis chemistry via a Li3N source) to define over the
miscibility gap the respective phase. It is to be noted that we
add here a new aspect to lithium memristive structures, clearly
pre-defining the phases and electronic states of the metal-toinsulator transition prior to memristive switching. The insights
into the Raman phase characteristics show that the peak positions of the A1g Ti-O and Eg Li-O signatures can be used as
viable “markers” to associated lithium concentration and the
present phase present either as insulating spinel Li 4 Ti 54+O12
or conductive rock-salt Li 7 [Ti 24+ Ti 33+ ]O12 , owing to observable
changes in metal-to-insulator state due to their change in octahedral filling of the 16c Wyckoff structural position which will
alter the lithium transport dynamics, Figure 2d. Collectively, the
results from independent methods using average and element
specific characteristics of Raman, EELS, HRTEM and transport
measurements further support the identification of the spinel
Li4Ti5O12 phase, where all the Ti ions are in a Ti4+ state only,
and the rock-salt Li7Ti5O12 phase, which has a mixture of Ti3+
and Ti4+. More importantly, the incorporation of additional
Li+ in a lithium titanate-based film clearly impacts its electronic structure, creating a semi-metallic conductor (from the
insulator, Li4Ti5O12), which could be leveraged in memristive
switching devices. Next, we perform tests on the memristive
characteristics for the spinel Li4Ti5O12 and rock-salt Li7Ti5O12
phases of lithium titanate.
Among the resistive switching metal oxides, lithium oxides,
which are widely used in in Li-ion batteries, are attractive for
the design of neuromorphic devices as they offer, from a material stand point, an excellent opportunity to control switch
dynamics by changing the Li content in the system. The idea
of this work is to use to our advantage the unique characteristic
of lithium titanate to undergo zero-strain metal–insulator transition, in order to control the conductance, and therefore the
available number of states, of solid-state memristors without
damaging chemo-mechanical deformation.
We now turn to the memristive switching characteristics of
the lithium titanate films, which we define and “set” over the
initial lithiation degree of the film to be either in the insulating
(Li4Ti5O12, spinel) or in the metallic state (Li7Ti5O12, rock salt),
Figure 2a and b. Independent on the lithium titanate switching
oxide phase, the devices always start in a High Resistance State
(HRS, “OFF-state”) and, upon applied positive bias they return
into a Low Resistance State (LRS, “ON-state”). Reversing the
voltage, i.e., negative bias, a transition from the HRS to the
LRS is found, giving rise to a bipolar resistive switching mechanism. Two remarkable differences can be observed between
the insulating Li4Ti5O12 and metallic conducting Li7Ti5O12
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in their resistive switching characteristics, namely the resistance ratio and the linearity of the current-voltage profile.
While a larger resistance ratio and asymmetric current-voltage
profile is obtained for Li4Ti5O12, a more symmetric currentvoltage characteristic is measured for Li7Ti5O12. Analyzing the
kinetic response of both films, we conclude that by increasing
the sweep rate one order of magnitude, i.e., to 500 mV s−1
(Figure S4 in the Supporting Information), Li4Ti5O12 cannot
respond as fast as Li7Ti5O12, which shows a stable and reproducible cycling, which is also area-dependent, as shown in
Figure S5 on the Supporting Information. Additionally, for
both switching materials no electroforming is required, which
reduces energy consumption and can result in reduced device
variability for artificial synaptic network applications.
To be suitable for analogue computing in future NNs the
resistance ratio needs to be high enough to specify distinct
synaptic weight values in the neural network,[11] while keeping
a highly linear operation to increase accuracy and symmetry
for these synaptic weight updates. We test the analogue conductance and HRS/LRS ratio of the lithium titanate switches
exposing to train voltage pulses to mimic potentiation and
depression of the analogue computing with set pulses of
3.5–5 V and 500 ms width with post sequent reset training
pulses of −3.5 to −5 V and 500 ms, Figure 2c,d. While the low
lithiated Li4Ti5O12 switching device exhibits a low linearity
(between positive and negative pulse trains), the highly lithiated

Li7Ti5O12 switching device reveals high linearity. Dependent
on the original engineered lithiation state of the switching
oxide, therefore, one can tailor the artificial neural training
response to be either linear or non-linear in conductance. This
fact, together with the large HRS/LRS ratios observed, paves
the way toward a unique material that could be integrated for
either spiking neural networks, where highly non-linearity
is desired (Li4Ti5O12) or deep neural networks, where highly
symmetric operation is required (Li7Ti5O12), by simply altering
the Li-concentration in the films at the processing step. We
emphasize that all recent reports on lithium oxides 2-terminal
switches such as class of lithium cobaltites do predominantly
show asymmetric switching response for neural training with
no opportunities to modulate the switching characteristic upon
lithium phase change in the switching oxide. Analyzing the literature, it may be hypothesized that the complex phase separation behavior of lithium cobaltites[40] (even in single grains of
the switch[37]) may not allow the miscibility gap and metal-toinsulator transition to be tuned as precisely as in the material
class of lithium titanates.
Another interesting aspect is the change in dynamics
depending on the originally set lithium titanate phase of the
resistive switch, which may have applications such as controlling the neuron firing time in spiking neural networks. To gain
more insights into the dynamics and role of initial film lithiation and metal–insulator characteristics set by processing, we

Figure 2. Electrical characterization through cyclic voltammetry and pulsing schemes. a) I–V curves in stoichiometric Pt/Li4Ti5O12/Pt 80 nm-thick
film. 50 cycles are shown at a sweep rate of 50 mV s−1 on a 500 µm x 500 µm size device. b) I–V curves in overlithiated Pt/Li7Ti5O12/Pt 80 nm-thick
film. 50 cycles are shown at a sweep rate of 50 mV s−1 on a 500 µm x 500 µm size device. c) Train pulses consisting of 200 positive pulses followed by
200 negative pulses at the voltages specified in the graph with pulse width of 500 ms in a 100 µm by 100 µm size device of stoichiometric Pt/Li4Ti5O12/
Pt 80 nm-thick film. d) Train pulses consisting of 200 positive pulses followed by 200 negative pulses at the voltages specified in the graph with pulse
width of 500 ms in a 100 µm by 100 µm size device of stoichiometric Pt/Li7Ti5O12/Pt 80 nm-thick film.
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now turned to low bias chronoamperometry (‘electrochemical
titration”), Figure 3a-b. In essence, this experiment is an extension of the pulsing experiments previously shown, but at lower
bias and for longer time spans. The response of the Li7Ti5O12
memristive bits is fast, needing only some seconds to transition from a regime where the switching event is taking place
to a second regime where a stable limiting current is reached
at large times, Figure 3b. In contrast, the Li4Ti5O12 response to
the same bias is much slower, Figure 3a. By letting the generated HRS relax (see Figure S6 in the Supporting Information),
we could access to the retention times of a state, Figure 3c, and
resistance window of the devices, Figure 3d. We have defined
the retention of the system as the time at which the current
reaches the original HRS value. It is remarkable that the retention has been enhanced by almost a factor of 100, reaching the
milestone of 105s in the highly lithiated Li7Ti5O12 film, with a
resistance window of two orders of magnitude when compared
to the Li4Ti5O12 film, whose resistance ratio spans over four
orders of magnitude. This shows the potential of the highly
lithiated phase of Li7Ti5O12 for DNN applications, given the
large retentions and linearity, and the opportunities of low lithiated phase of Li4Ti5O12 toward SNN applications, due to the
shorter retention and large resistance changes.
To clarify the changes of switching symmetry in terms of the
lithiation degree, we used in-operando Raman spectroscopy[63]
to probe the A1g vibration as a “marker” for titanium-oxygen
vibration upon applied external bias, Figure 4a. This methodology allows to probe the occupancy of the Wyckoff 8a and 16c
structural positions that indicate local changes of the electronic
states, and thus indicate metal–insulator transition. By applying
+4 V over time, we keep track of the normalized Raman

shift as well as of the time evolution of the resistance, which
changes from high (insulating phase) to low values (conducting
phase), Figure 4b. After imposing the applied potential drop
in Li4Ti5O12, the Raman vibrational frequency of the A1g Ti-O
mode (green line) decreases continuously in time from 676 to
673 ± 0.5 cm−1. The shift in the frequency implies the partial
reduction of the original Ti4+ to Ti3+. However, in the case of
Li7Ti5O12 (purple line), the opposite trend is observed, where
the Raman band changes from 665 to 669 ± 0.5 cm−1. Similar to
the previous case, this shift in the value of observed frequency
reflects the partial oxidation of the reduced Ti3+ to Ti4+.
The in-operando Raman spectroscopy-electrochemical titration experiment demonstrates two major points that can lead
us to a deeper understanding on the resistive switching mechanism: First, when switching lithium titanate from a high to
a low resistance state, the local lithium distribution changes.
Second, depending on the initial lithiation state of lithium
titanate, the transition metal ions can undergo either reduction
or oxidization leading the formation of a Li poor (Li4Ti5O12) and
a Li rich (Li7Ti5O12) phase. Our experimental findings are in
agreement with previous studies in the battery field,[54,61] which
demonstrated the two-phase coexistence between Li4Ti5O12
and Li7Ti5O12. For low values of Li fractional concentration
well below 50%, i.e., x ≪ 0.5, the insulating phase (Li4Ti5O12)
is expected to dominate, resulting in poor electronic conductance, while for x ≫ 0.5 the metallic phase (Li7Ti5O12) should
percolate throughout the bulk, leading to a conducting network. For intermediate concentrations, DFT calculations[64] of
sample configurations have shown that regions of phase coexistence have high mixed electronic and ionic conductivities.
However, such studies do not account for the patterns of driven

Figure 3. Results of chronoamperometry (Evolution of current with time as a function of bias voltage) experiments measured on the same device (after
device reset) for increasing bias voltage on a) Pt/Li4Ti5O12/Pt (blue lines) and b) Pt/Li7Ti5O12/Pt (purple lines) 250 µm x 250 µm devices. c) Retention
measurements extracted from the current relaxation measurements (see Figure S6 in Supporting Information). d) Resistance window extracted from
the retention data.
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Figure 4. a) Setup and device sketch for in-operando Raman experiments. b) Normalized frequency shift in the A1g Ti-O Raman mode upon applied
bias. c) Suggested switching mechanism for Li4Ti5O12. d) Suggested switching mechanism for Li7Ti5O12. e) Qualitative plots of original and modified
chemical potentials as a function of concentration. Concentration-dependent permittivity shifts the spinodal and binodal points for the metal–insulator
phase transition by favoring high Li+ concentration in regions of high electric field.

phase separation in response to large electric fields, which
can strongly influence the observed conductance by effectively
placing the metal and insulator phases in series or in parallel
between the electrodes.
Based on our experimental findings, combined with the
previous experimental and ab initio studies, we propose the
existence of an electric-field-dependent miscibility gap for
Li4+3xTi5O12, which modulates the film resistance through electrically driven metal–insulator phase separation. In this physical picture, a homogeneous initial solid solution of lithium
ions is driven to phase separate above a critical voltage, leading
to the formation of electronically conducting filaments that
connect the two metal electrodes, as sketched in Figure 4c,d.
Reversing the polarity then destroys the filamentary pattern
with a time-delay to allow for redistribution of the lithium concentration, coupled with the evolving electrical current distribution. Voltage cycling leads to reversible creation and destruction
of this pattern with hysteresis due to spinodal decomposition
of the homogeneous state and nucleation and growth of new
phases.
In order to further support our hypothesis and explain the
experimental findings, we propose a theoretical model that
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can describe the electric field-induced phase separation under
applied bias, based on electrochemical non-equilibrium thermodynamics.[65] Assuming local electroneutrality in the bulk
material (outside thin double layers at the electrode interfaces),
the free energy functional for Li4+3xTi5O12 under an applied
potential bias can be expressed in the following general form
G [c , φ ] =

∫

V


1
2
 g (c , ∇c ) − 2 ε (c ) ∇φ  dV (1)

where 0 < c < 1 is the dimensionless lithium concentration,
whose average value is x, and φ is the electrostatic potential.
The first term in Equation (1) corresponds to the chemical free
energy of the inhomogeneous mixture and the second to the
electrostatic self-energy that can be stored under the applied
potential, which depends on the permittivity ε(c) as a function
of the local lithium content. In the case of the Cahn-Hilliard
(or Van der Waals) approximation, g = g h (c ) + 1 κ | ∇c |2, where
2
gh(c) is the homogeneous free energy density and κ is the gradient penalty. This model has recently been used to describe
phase separation in binary fluids,[66] solids,[67,68] and polymers[69–71] driven by applied electric fields. In the case of LTO,
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an expression for the chemical part of the free energy has
already been developed and parameterized in a recent phasefield model for Li-ion battery simulations,[55] also including
electrochemical intercalation reactions and polaron diffusion,
but neglecting large electric fields within the active material,
which become important in the new application to neuromorphic computing.
Here, we model resistive switching in LTO as a metal–insulator transition, controlled by electrically driven phase separation in a strain-free binary solid. The permittivity of LTO
increases with lithium concentration[72] from ϵi = ϵ(0) ≈ 1.5 ϵ0
in the insulating phase at room temperature[73] to diverging
values in the metallic phase, ϵ(c) → ϵm ≫ ϵ0 as c → 1. At low
concentration, the permittivity increases roughly in proportion
to the population of Li+ – e− polaron pairs and then grows nonlinearly with increasing lithium concentration. A simple formula capturing this behavior, based on the Clausius-Mossotti
factor for a random packing of polarizable spheres, was first
suggested by Herzfeld[74,75]
ε (c ) ε m (1 + 2c ) + 2 ε i (1 − c ) 1 + 2c
=
~
1− c
εi
ε m (1 − c ) + ε i (2 + c )

for

ε m  ε i (2)

which diverges in the approach to the metallic phase. This
generic behavior of the permittivity has profound consequences
for the electrical control of thermodynamic stability, since the
total free energy, Equation (1), is lowered by co-locating regions
of high lithium concentration with those of high electric field
intensity. Above a critical field intensity, this thermodynamic
driving force leads to the spontaneous formation of high-permittivity filamentary patterns of lithium ions of connecting the
electrodes, which are also short-circuit paths of high conductivity that switch the film resistance.
Starting from a homogeneous initial state, metal–insulator
phase separation can occur either by linear instability (spinodal
decomposition) or by nucleation and growth from defects or
the electrode interfaces. For the general model, Equation (1),
the diffusional electrochemical potential of lithium ions can
expressed as[65]

δG δ g 1
2
(3)
=
− ε ′ (c ) ∇φ 
δc δc 2
where the first term is variational derivative of the chemical
µ=

part of the free energy, which takes the form, δ g = g h′ (c ) − κ∇ 2 c ,
δc
in the Cahn-Hilliard approximation. The Gibbs criterion for
2
linear stability requires a convex free energy, δ G > 0 , which
δc 2
can be generalized to account for electrochemical reactions
driving electrical current through the system,[76] as in our case
of applied voltage bias. The spinodal points, which bound the
range of unstable homogeneous concentrations, are thus given
by
dµ
1
= g h′′ (c ) − ε′′ (c ) E 2 = 0 
2
dc

(4)

where the electric field strength is E ≈ ΔV/L in the case of a uniform thin film of thickness L subject to a voltage ΔV. Spinodal
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decomposition of the metallic phase occurs above a critical
voltage bias
ΔVc (c ) = L

2 g h′′ (c )
(5)
ε′′ (c )

leading to patterns of filamentary short circuits after growth of
the initial instability. This result already begins to explain the
much larger hysteresis in resistive switching in the low concentration film versus the high concentration film in Figure 3, since
the Herzfeld formula (2) predicts ε ′′ ≈ 23 εi (1 − c )−3. Assuming
comparable values of g h′′(c ) ≈ 12 k 2 > 0 in the stable insulating and
metallic phases, the critical voltage for resistive switching scales
as | ΔVc (c )|≈ kLε i−1/2 (1 − c )3/2. We see that the spinodal points
move lower than the equilibrium concentrations for values of
voltage in the range of ≈3–4 V (Fig S8), which is in quantitative
agreement with experimental observations (Figure 2b).
At lower voltage bias, where the material is linearly stable
to small perturbations, the system can still phase separate by
nucleation and growth, as the binodal points shift under the
applied bias. The equilibrium concentrations are the roots of
the following pair of algebraic equations,
2

2

V
V
= g h′ (c 2 ) − ε ′(c 2 )
L
L
2
g h (c 2 ) − g h (c) 1 ε (c 2 ) − ε (c 1 ) V
−
=
c 2 − c1
2 c 2 − c1
L

g h′ (c 1 ) − ε ′(c 1 )

(6)

which are derived from the requirement of equilibrium
between the two phases and the common tangent construction, respectively. Above a lower critical voltage bias that solves
Equation (6), nucleation can occur at crystal defects or (perhaps
more likely) at the electrode surfaces, where interfacial stability
is influenced by surface wetting[77] and driven electro-autocatalytic reactions.[76] These non-equilibrium surface phenomena in
turn control pattern formation within the bulk thin film,[78] as
has recently been observed by in situ, in operando X-ray imaging
of nano-platelets of lithium iron phosphate, a phase-separating
Li-ion battery material.[79,80]
We are now ready to explain the complex resistive switching
behavior of our LTO films, at least qualitatively. Figure 5e illustrates typical behavior of the chemical potential as a function
of lithium concentration under different values of applied
electric field. In the first case, where the initial concentration
x = ε is close to the Li4Ti5O12 concentration (ε → 0), a large
voltage drop is required to shift the nearby spinodal point (red
circles) to lower Li concentrations. In this case, there will be a
critical applied voltage drop ΔVc given by Equation (5) where
the spinodal point will move to x = ε and make the homogeneous solid mixture thermodynamically unstable. As a result,
there will be a two-phase co-existence where filaments of the
high-permittivity, high-conductivity phase (Li7Ti5O12) will form
so as to connect the two metal Pt electrodes, as sketched in
Figure 4c. This phenomenon can qualitatively explain why we
observe large hysteretic behavior in the current-voltage curves
after applying a positive bias in the system in Figure 2a.
When a negative voltage is applied in the Li4Ti5O12 film, the
experimentally measured current shows asymmetric behavior
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Figure 5. Overview of the different Li-based 2-terminal memristive systems reported so far.

compared to the case of positive applied bias, suggesting that
the two electrode interfaces are likely different. Some potential
reasons for symmetry breaking in our system are: (i) the manufacturing process leads to a Pt bottom electrode that has been
exposed to higher temperatures, while the Pt top electrode is
deposited at room temperature; (ii) in similar spinel systems
it has been shown that a Li-rich nanometric layer is generated
during film preparation,[81] which can cause a thermodynamically favorable state where one of the phases wet the Pt electrode. (iii) the 16d positions are randomly populated by Ti and
Li ions with a ratio 5:1, and this is known to affect Li-ion pathways in the bulk.[82] The latter is further supported by Atomic
Force Microscopy measurements, in which topography and
phase maps show clear contrast between grains, Figure S7.
Regardless of the source of broken symmetry between the two
Pt/LTO interfaces, it will lead to asymmetry in the currentvoltage characteristics. For example, a wetting layer of Li7Ti5O12
formed on one of the Pt electrodes can become unstable and
nucleate phase separation[77] leading to filament formation once
sufficiently strong electric field is applied. There will also be
asymmetries in the solid-solid electron transfer reaction rates
at the two electrode interfaces,[83] which can also directly influence phase separation[76,79,80] and thus the hysteresis in resistive switching.
In the Li7Ti5O12 device, similar arguments can be made to
explain the changes in the current-voltage behavior. The electric field will again induce phase separation by destabilizing
Li7 −εTi5O12 and lead to the formation of thin insulating domains
(Li4Ti5O12) as well as thick metallic domains (Li7Ti5O12) in
the bulk film, as sketched in Figure 4d. However, the overall
lithium content of Li7Ti5O12 cannot change much upon phase
separation, leading to less pronounced changes in the overall
conductivity of the device, which remains orders of magnitude large than in the Li4Ti5O12 device. Assuming as above
that Li7Ti5O12 has larger electric permittivity than Li4Ti5O12,[72]
which diverges in the metallic limit, the applied electric field
will induce large asymmetries in the functional form of the
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chemical potential, as shown in Figure 4e. In particular, when
the device is in the Li7−εTi5O12 state, the voltage required to
turn the solution thermodynamically unstable and thus phase
separate is smaller than in the case of Li4+εTi5O12, as predicted
by the simple spinodal estimate in Equation (5). As noted
above, this subtle difference in the permittivity can explain the
different hysteretic behavior between the measured currentvoltage curves, Figure 3a-b, for Li4Ti5O12 and Li7Ti5O12, respectively. The difference in retention can be explained in terms of
Li-diffusivity of the phase-separated filament, e.g., the Li7Ti5O12
filaments created in the Li4Ti5O12 device would tend to lower
retention values, given the higher diffusivity of Li-ions in the
Li7Ti5O12 phase.[51,82] However, at this stage, the size and composition of the filaments remains as an open question, which
should be unveiled by advanced characterization techniques.
The conventional wisdom in understanding the transient
response of electrochemical materials, such as lithium titanates, to applied voltages is through simple models of diffusion. In the present case, however, we do not change the total
Li content, and we only control the electric field and electronic
current applied across the device. Therefore, any attempt to
understand the physics behind the switching dynamics in
terms of classical diffusion of inserted ions, e.g. using the
Cottrell equation, will provide false predictions, which is also
the case for phase-separating battery materials.[84] Instead, the
electric field-induced phase separation of Li4+3xTi5O12 can be
described by electrochemical phase-field models[65,76] in order
to understand fundamental physics of resistive switching and
engineering design principles for neuromorphic devices.
In summary, the proposed physical picture can qualitatively
describe the observed switching behavior of Figure 2 in terms
of electric field-induced phase separation, enabled by the dielectric permittivity contrast of Li4Ti5O12 and Li7Ti5O12. More specifically, the affinity of inserted lithium ions, which increase the
local permittivity, for regions of higher electric field intensity
alters the thermodynamic phase diagram out of equilibrium,
leading to changes in the binodal and spinodal points of the
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solid mixture under applied bias. As a result, a homogeneous
film can phase separate into metallic and insulating phases,
which form percolating domains between the electrodes. This
microscopic picture points toward the development of new criteria for designing lithium based analogue computing devices.
Industrial manufacturing of solid-state battery thin film
components and silicon-based electrochemical cells have substantially grown over the last decades and we see potential in
generating additional function and use of these materials for
future analogue computing hardware. Despite the promise it
is to be noted that the field of lithium oxides in neuromorphic
computing is young and has still to achieve the maturity level
achieved in their O2−,Ag+/Cu2+ and PCM resistive switching
counterparts. In particular, it remains unclear the performance
that Li-based materials will have in 2-Terminal based neural
networks upon material optimization. The ability of lithium
oxide materials to use future cell designs with lithium fluxes
(microbatteries) to control the synaptic response is attractive
and challenging to mimic with current resistive switch hardware designs. For instance, the control of the Metal–Insulator
Transition via Li-stoichiometry in the devices directly at processing is an appealing approach to produce very large changes
in the device properties and might have a strong impact on
3-Terminal configurations. One key point in the development
of battery oxide materials that may also function as synaptic
hardware components besides classic energy storage is the
knowledge on their phase evolution and stability at given field
strength. Our hypothesis and selection criteria for the newly
proposed lithium titanate is deeply rooted on phase stability
and miscibility gap arguments known in the battery field, but
applied to deeply alter synaptic weights through different resistive states by changes in transport dynamics.
To reflect on this more broadly, we give a rough summary
of the main properties reported so far for Li-based resistive switches that summarizes the selection criteria based on
phase stability that we discussed, Figure 5. The key points of
Li4+3xTi5O12 systems when compared to other tested Li-based
oxide memristors (e.g., LixCoO2, LiFe5O8, LiLaTiO3, LiNbO2
and LiNbO3) rely on the absence of electroforming, low voltage
operation, large resistance ratios without the need of exchange
with a silicon scavenging layer (which is the case for LixCoO2)
and tunable retention. Our work makes a strong point for the
ability to tune the performance of the devices upon controlling
the Lithiation degree in the films, that, even though it is a novel
process in terms of processing as well, it might result easier
than oxygen-control on the long run. Lithiation degree could
become an extra knob to further tune and control the memristive properties of Li-based devices. We also clearly demonstrate
by computation and experimental evidences that the phase miscibility gap in lithium titanates is unique among the tested lithium-based memristor and is the key to widely alter the synaptic
characteristics, which could either later be tailored for DNN or
SNN applications on demand. These facts pose lithium titanates in a unique position of widespread use of different types
of neural networks given the ability to tune their performance,
which has not been the case for any other lithium-based memristive system so far.
Lithium-ion battery electrode materials have the potential
for surprising new uses beyond simply energy storage, such
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as providing functional materials for neuromorphic analogue
computing. Through their spinel, layered and rock salt structures, various material classes of cobaltites, titanates or ferrates
are able to use intercalated lithium as a knob to turn metal-toinsulator transitions on and off. Despite the potential of these
material classes for additional functionalities beyond their
use in batteries, to date there have emerged no selection criteria or design rules for such uses. Rational design of devices
using these materials will eventually require detailed analysis
of electrochemical reactions and phase behavior under the high
electric fields required for neuromorphic computing.
As a first step, here we have exploited the thermodynamic
properties of a well-known battery anode material, lithium
titanate, to perform resistive switching by electrically controlling metal-to-insulator phase separation, with a negligible
volume change in “zero-strain” solid phase separation. One
of the most striking outcomes is that the metal–insulator
transition can be conveniently modulated for neuromorphic
computing purposes, such as control of the neural pulse train
symmetry and linearity in conductance and the resistance onto-off ratio, simply by adjusting the lithium stoichiometry and
phase pattern. We demonstrate by combined ex- and in-operando Raman spectroscopy, electron microscopy and electrochemical methods that the filling and emptying of the Wyckoff
16c structural position with lithium is the knob to turn to set
the desired reversible resistive-switching characteristics of
titanate thin films.
A simple phase-field theory considering the lithium concentration-dependent permittivity and conductivity is able to
explain the current-voltage transients in terms of electrostatic
self-energy changes, which shift the spinodal and binodal
points for the stability of metal–insulator phase separation.
This is consistent with the local modulation of the lithitation
degree between 8a and 16c Wyckoff positions generating highly
conducting percolative paths and paves the way for quantitative
modeling and design of LTO based memristive devices. Our
understanding of phase evolution, stability regimes and lithium
dynamics the from battery field thus could enable predictions
of which metal-to-insulator phase behavior is best suited in
specific device geometries for lithium-controlled neuromorphic
computing.
In summary, we show that lithium titanates (state-of-theart battery anodes) have unique functionality for fast resistive switching based on zero-strain metal–insulator phase
separation, which can be easily tuned for a specific application. Lithium stoichiometry can be reversibly adjusted within
a single hardware material, for example, to alter the linearity
of a pulse train for analogue computing, to tune asymmetric
switching with low retention for two-terminal spiking neural
networks, or to enable linear and more symmetric switching
with high retention for deep neural networks. The interdisciplinary nature of this work may open new directions for chemists,
material scientists and hardware engineers to systematically
design phases and carrier dynamics for specific neuromorphic architectures and output functions, thus increasing the
value chain and introducing dual uses of familiar battery materials as analogue computational circuit elements. Microbatteries are well established in industry and have successfully
been integrated in silicon-based chips, so this perspective may
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lead to lithium oxide-based computer hardware using similar
material classes and manufacturing routes as for microbattery
components.
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