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ABSTRACT: Nonvolatile resistive-switching (RS) memories promise to
revolutionize hardware architectures with in-memory computing. Recently, ion-
interclation materials have attracted increasing attention as potential RS materials
for their ion-modulated electronic conductivity. In this Letter, we propose RS by
multiphase polarization (MP) of ion-intercalated thin films between ion-blocking
electrodes, in which interfacial phase separation triggered by an applied voltage
switches the electron-transfer resistance. We develop an electrochemical phase-
field model for simulations of coupled ion-electron transport and ion-modulated
electron-transfer rates and use it to analyze the MP switching current and time,
resistance ratio, and current−voltage response. The model is able to reproduce
the complex cyclic voltammograms of lithium titanate (LTO) memristors, which
cannot be explained by existing models based on bulk dielectric breakdown. The
theory predicts the achievable switching speeds for multiphase ion-intercalation materials and could be used to guide the design of
high-performance MP-based RS memories.
KEYWORDS: resistive switching, phase-field modeling, electron transfer, ion intercalation

In the era of Big Data, the transfer of data between the
processing unit and memory has increasingly limited the

performance of traditional computing architectures. The “von
Neumann bottleneck” can potentially be addressed by in-
memory computing, which requires resistive-switching (RS)
devices with multiple, nonvolatile resistance states that can be
tuned by applied voltages.1−6 RS devices include two-terminal
memristors and three-terminal synaptic transistors.5 The
switching can be bipolar or unipolar, depending on whether
the set and reset voltages require different signs, respectively.4

Studied RS mechanisms include ion migration,1,3,7−11

amorphouscrystalline transition,3,10−13 ferroelectricity,3,10 and
tunneling magneto-resistance.3,10 This work describes an RS
mechanism based on interfacial phase separation that is limited
by bulk ion migration.
Typically, the ion migration mechanism incorporates an ion-

conducting nanofilm and an active electrode that can inject
(consume) active ions or vacancies into (from) the nanofilm.
Specifically, the mechanism is called electrochemical metal-
lization (ECM) if metal cations (e.g., Cu2+, Ag+) are active and
valence change mechanism (VCM) if oxygen vacancies are
active.1,5 The ion migration mechanism can be further divided
into the bulk and interfacial types, according to which
resistance dominates. The bulk mechanisms often involve the
formation of conductive filaments (e.g., Cu, Ag, or oxygen
vacancy rich regions) by implantation of ions or vacancies from
an active electrode, and the dissolution of the filaments by a
reverse process driven by a reverse voltage (bipolar switching)
or by Joule heating generated by a larger voltage (unipolar

switching).8−11,14 In the interfacial mechanisms, usually the
two electrodes have, respectively, ohmic contact and Schottky
contact with the nanofilm, and the latter is sensitive to the local
concentration of ions or vacancies which can be enriched or
depleted by electric field (bipolar switching).7,11,15−18

In recent years, ion-intercalation materials, which have been
widely used for batteries,19−21 have received increasing
attention as novel ion-migration-based RS materials. These
materials allow for reversible insertion of ions into the lattice
without destroying the original crystal structure,22 often
following a multiphase mechanism.23 Their electronic
conductivity usually depends on ion concentration, since the
inserted/deserted ions usually contribute (nearly) free
electrons/holes to the conduction/valence bands.24−28 This
property has been directly used to design bulk-type
memristors29 and synaptic transistors26,30−32 for which the
ion concentration is adjusted by ion insertion/desertion
through the active or gate electrodes. Compared to ECM or
VCM devices, such devices should have good reproducibility
and controllability since the conductivity can be precisely and
reversibly controlled by current pulses.26

Received: May 1, 2022
Revised: July 2, 2022

Letterpubs.acs.org/NanoLett

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.nanolett.2c01765
Nano Lett. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

M
ar

tin
 B

az
an

t o
n 

Ju
ly

 1
1,

 2
02

2 
at

 1
4:

09
:5

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huanhuan+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Z.+Bazant"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.2c01765&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01765?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01765?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01765?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01765?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01765?fig=agr1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c01765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf


This work focuses on ion-intercalation memristors enclosed
by ion-blocking electrodes, inspired by the LTO (lithium
titanate, Li4+3ξTi5O12) memristors developed in ref 33. LTO is
a commonly used anode material for Li-ion batteries, and
follows a two-phase mechanism and insulator−metal transition
during lithiation (ξ: 0 → 1).34 The memristors were made of
LTO4 (ξ ≈ 0) or LTO7 nanofilms (ξ ≈ 1) sandwiched by Pt
electrodes and showed bipolar switching behaviors. The ion-
blocking electrodes make the RS mechanism different from
those reviewed before. References 33 and 35 explain the RS of
LTO memristors by the formation of conductive filaments by
dielectric breakdown, based on a phase-field model including
the electrostatic self-energy that depends on the magnitude of
the applied potential. However, the RS predicted by this model
is either volatile or irreversible, since the filaments should
quickly dissolve after removing the voltage or never dissolve
even with a reverse voltage (see the Supporting Information
(SI)).
In this Letter, we propose a new nonvolatile and reversible

interfacial RS mechanism, multiphase polarization (MP), fo
LTO memristors and other similar systems made of multi-
phase, ion-intercalation nanofilms enclosed by ion-blocking
electrodes.

■ MECHANISM
We begin by noting the following properties of LTO
memristors derived from experimental data: (1) interfacial
ET should dominate the total resistance, since the effective
conductivity of LTO4 and LTO7 measured by electrochemical
impedance spectroscopy in ref 33 is around 2 × 10−11 and 6 ×
10−10 S/m, respectively, at 30 °C, which are small compared
with the bulk values in the literature: 10−4−10−11 and 1−102
S/m;34,36,37 (2) the two electrodes should have different ET
resistance due to different deposition temperatures; (3) LTO4
and LTO7 may not be pure (only Raman spectroscopy was
used to estimate Li concentration) and both phases may exist
in each memristor; (4) the ET rates usually strongly depend on
local ion concentrations.23,38

These complex properties, which are not captured by
existing theories, motivate us to propose the general MP
mechanism, illustrated in Figure 1. We assume that the
nanofilm conducts cations and electrons while the electrodes
only conduct electrons. Then cations tend to move along the

electric field but get blocked by the electrodes. Therefore,
cations accumulate downstream the electric field and get
depleted on the other side. This phenomenon is called
concentration polarization (CP) and is important in many
electrochemical systems.39−50 In multiphase materials, CP
should first occur in each phase and strong enough CP can
change the phase distribution, which we refer to as multiphase
polarization (MP). As shown in Figure 1a, a downward electric
field may drive phase change at the bottom electrode first (I →
II) and then at the bottom electrode later (II → III). We call
the processes I ↔ II partial MP (pMP) and I ↔ III full MP
(fMP). The phase distribution should be nonvolatile after
removing the applied voltages, since phases with different
concentration can coexist in multiphase materials, unlike CP in
homogeneous electrolytes. The phase distribution can further
influence ET rates on electrodes and thus significantly
influence the total resistance if it is dominated by contact
resistance, as shown in Figure 1b. For example, if the two
electrodes are symmetric (do not conduct electrons primarily
in one direction) but the top electrode is more conductive than
the bottom electrode given the same concentration and
overpotential, then state I should have larger total resistance
than state III, and thus fMP can lead to RS.
To conclude, MP is an interfacial RS mechanism, limited by

bulk ion diffusion, which shows multiple, nonvolatile resistance
states tunable by applied voltages in LTO memristors and
other similar systems.

■ MODEL
Here, we develop an electrochemical phase-field model to
quantitatively describe the mechanism, based on nonequili-
brium thermodynamics of ion and electron transfer.23 We
neglect temperature variation which should be mild for the
interfacial RS mechanism without hot filaments (see the SI),
and we neglect mechanical effects for “zero-strain” LTO.34

Existing phase-field models of ion-intercalation mater ials in Li-
ion batteries23,51−60 and memristors35 consider only the
dynamics of neural Li+-electron pairs. However, here we
must account for large electric fields and broken symmetry
between ion and electron transfer at the electrode interfaces.
As such, our model includes three charged species: mobile,
localized electrons (“n”), mobile, monovalent cations (“p”),
and fixed, positively charged defects (“d”). The localized

Figure 1. (a) Schematics of the phase redistribution (state I ↔ II ↔ III) by applied electric field (E, for which the direction is ↑or ↓) between ion-
blocking electrodes, a process which we refer to as multiphase polarization (MP). (b) Effect of MP on interfacial electron transfer (ET) rates and
the resulting total resistance switching characterized by cyclic voltammetry, for different combinations of electrodes. We call an electrode symmetric
if it does not conduct current primarily in one direction and two electrodes identical if they have the same ET rates given the same local
concentration and overpotential. The two electrodes can be different due to materials and deposition conditions. Each electrode contact is assumed
to be more conductive and symmetric at higher concentrations. Each curve represents the log of current (ln|i|) vs interfacial overpotential η or −η
for the top (T) or bottom (B) electrode at steady state or vs the applied voltage V for cyclic voltammetry. The ET rates shown by solid curves
dominate total resistance. Three patterns of cyclic voltammetry are identified: (i) symmetric pattern with separated states, (ii) symmetric pattern
with crossed states, and (iii) asymmetric patterns.
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mobile electrons, also called “small polarons” for their coupling
with the polarized local environment (including nearby mobile
ions), differ from band electrons by a much smaller but
thermally activated mobility and a nonthermally activated
number of mobile electrons. Such electrons are often found in
mixed-valency transition metal oxides,28,61−64 which include
some of the most common ion-intercalation materials used in
Li-ion batteries and other applications.65 The fundamental
constants we use include the Boltzmann constant kB,
temperature T, electron charge e, thermal voltage VT = kBT/
e, and the Avogadro number NA. We denote the concentration,
valence, electrochemical potential, diffusivity, conductivity, and
flux density of mobile species k (=p, n) as ck, zk (=±1), μk, Dk,
σk, and Jk, and the electric potential, current density, time, and
nanofilm thickness as ϕ, i, t, and h. We also define
dimensionless variables ck̃ = ck/c0,μ̃k = μk/kBT, ϕ̃ = ϕ/VT, t ̃ =
t/τD = tDp

0/h2, Jk̃ = Jkh/Dk
0c0, and i ̃ = i/iD = i/(Dn

0c0NAe/h),
where c0 and Dk

0 are constants.
First, we enforce electroneutrality:

= =c c c cnp d (1)

Then, we apply a regular solution model with Cahn−Hillard
gradient expansion for the two charge carriers (k = p,
n):23,63,66−69

= + + +c
c c

c z clnk
k

k k
k k k kmax
0 2

(2)

where the five terms are ideal entropy for a mixture of charge
carriers and vacancies on ckmax sites, constant standard energy,
mixing enthalpy, electrostatic potential energy, and Cahn−
Hillard gradient penalty with κn = κp = κ. Next, we can use the
homogeneous part of μ̃p + μ̃n (with Ω = Ωn+ Ωp defined) to
determine the thermal stability (see the SI), including the
spinodal points c̃s0, cs̃1 and the binodal points c̃b0, cb̃1 (0, ion-
poor phase; 1, ion-rich phase). Compared with recent models
of Li-ion battery materials,35,51,59,60,70 this analysis includes the
electrochemical potential of electrons and uses an additional
parameter “ρ” to adjust concentration-symmetry in the Gibbs
free energy of mixing.
Next, we describe the transport of charge carriers by

enforcing mass and charge conservation with the generalized
Nernst−Planck equation for charge fluxes23,71

+ · = =r
c
t

D cJ J0,k
k

k k k k k (3)

where ∇̃ = h ∇, rp = 1, and rn = Dp
0/Dn

0. The diffusivity with the
excluded volume effects is Dk = Dk

0(1 − ck/ckmax), and the
corresponding ionic/electronic conductivity is σk = DkckeNA/
VT. We neglect field-dependence of Dk

0,72 since we assume
most of the electric potential falls at interfaces. The boundary
conditions on the electrodes with outward normal vector n are
no penetration of ions n·Jp̃ = 0, conservation of electrons n·Jñ =
−n·i,̃ and neutral wetting n·∇̃ c̃ = 0.
Finally, and critically, we must describe the ion-modulated

ET rates at electrode interfaces. At metal−semiconductor
interfaces, the ET rates can be described by diffusion,
tunneling, or thermoemission across a Schottky barrier,
which can be significantly influenced by doping ions.38,73,74

However, unlike band conduction in traditional semiconduc-
tors, this work focuses on small polaron conduction in mixed-
valency intercalation materials. In another words, the bulk ET
in LTO and interfacial ET at the LTO−Pt interface can be
described by Ti4+ + Ti3+ ⇌Ti3+ + Ti4+ and Ti4+ + e−(Pt) ⇌
Ti3+, respectively. This ET mechanism, though in solids, is very
analogous to the ET reactions in liquid solutions and at
liquid−solid interfaces as described by Marcus theory,64,75

which involves a microscopic picture of solvent fluctuation and
predicts curved Tafel plots (log current vs voltage) at large
overpotentials as observed in experiments.76−81 Recently,
Marcus theory was also applied to solid-state ET in carbon-
coated lithium iron phosphate.75 However, the original Marcus
theory and the asymmetric Marcus theory which has very
limited applicability82−84 cannot capture the significant
asymmetry possibly seen at solid−solid interfaces. Then we
notice the facts that Marcus theory reduces to the
phenomenological Butler−Volmer (BV) equation at small to
medium overpotentials23,81,85,86 and the BV equation with a
series resistance can also lead to curved Tafel plots.51 Though
usually used for ion transfer, the BV equation can be used for
general Faraday reactions23 including Ti4+ + e− (Pt) ⇌ Ti3+.
Actually, a Schottky diode is also usually described by a BV-
form formula in combination with a series resistance to fit the
curved Tafel plots,38,87,88 though the ion-modulated exchange
current should be different from the system we study here. As a
first approximation to capture these diverse phenomena, we

Figure 2. Switching current and switching time from simulations of step current response. (a) From top to bottom: applied current (i ̃= i/iD), phase
distribution (contour map: red, ion-rich phase 1; blue, ion-poor phase 0), boundary concentrations (cT̃, cB̃), electrochemical potential drop (μ̃n

B -
μ̃n
T), along with time (t ̃ = t/τD) for two typical cases (with mean concentration cm̃ = 0.3, current plateau im̃ax = 0.08, 0.12). The schematics for the

three typical states I, II, and III during MP can be found in Figure 1. The switching time τ̃ can be obtained from τ̃T = t|̃c̃T=0.5 and τ̃B = t|̃c̃B=0.5. (b)
Critical current (ic̃) for MP to occur indicated by simulations (filled and empty markers to indicate MP and no MP, dashed line for eye guidance)
and theory (solid line) for different mean concentrations (c̃m). (c) Inverse of the switching time (1/τ̃) along with the shifted current (i ̃ − ic̃ana). The
colors and markers to label concentrations in (b,c) are consistent.
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propose the following generalized BV equation, which includes
nonideal thermodynamics to capture the concentration
dependence and a series resistance R̃s to serve a similar role
as Marcus theory to curve the Tafel plots:23,51

· = f c gn i Da ( ; ) ( ; )e c2

(4a)

=f c c c c c( ; ) ( / ) (1 / ) en n n n
cmax max 1 n (4b)

=g( ; ) e e(1 )
(4c)

where η̃ = μ̃n − μ̃e is the overpotential across the interface, μ̃e =
μ̃e
0 − ϕ̃e is the Fermi energy in the electrode, and ϕ̃e

B = 0, ϕ̃e
T =

Ṽ − IR̃̃s (where I ̃ is the total current and in 1D I ̃ = i ̃ = i·̃ex, Ṽ is
the applied voltage, “T” and “B” represent the two electrodes at
top and bottom). We further assume α = α0 + (0.5 − α0)c̃ so
that ET asymmetry disappears for large c̃ (ohmic contact).
Constants Da and α0 can be different for the two electrodes.
See the SI for the derivation of eq 4.

■ DIMENSIONLESS RESULTS
We proceed to use our model to analyze RS performance of
multiphase ion-intercalation nanofilms4 in terms of dimension-
less variables. As an example to test the model, we choose
parameters based on the LTO material24,34,36,37,71,89,90 (see the
SI): c̃pmax = 1, c̃nmax = 5/3, Ω = −12, ρ = 0.7, κ = 1.1 × 10−3, Ωn =
20, Dp/Dn = 10−5, cd̃ = 0.01, and R̃s = 100. Note that these
values are all obtained/estimated from the experiments in the
literature without fitting and especially R̃s is estimated from the
reorganization energy of the small polarons.
We first analyze switching current and time, based on 1D

simulations of MP in response to a step current (no need to
consider ET here) as shown in Figure 2. Figure 2a shows two
typical cases. Both cases reach steady state during the applied
current, but only the larger current causes MP, in which case
the time scale (τ̃T, τB̃) for phase change at the two electrodes
can be determined. The smaller one of τT̃, τB̃ is the time for
pMP to occur, while the larger one is for fMP to occur. Then
the switching current and time for more cases with different
averaged concentration c ̃m and applied current i ̃ are
summarized in Figure 2b,c. The condition under which MP
occurs can be explained as follows. In each phase, the
concentration rises at the downstream of the electric field and
falls on the other side. If this perturbation in either phase is

large enough to cause phase change, MP occurs. We also
derive an approximate, analytical expression for the critical
current:

l
mooo
n
ooo

|
}ooo
~
ooo=

| |
i

h c h c
min

( )
,

1 ( )c
c
c

c
c

ana

0 m 0 m

b0
s0

s1
b1

(5)

where c( ) is the effective potential for current ( =i x )
and h̃0(c ̃) is an estimate of the occupation of the ion-poor
phase 0 (see the SI). This expression is consistent with
simulations, as shown in Figure 2b. For the switching time, we
find that its reciprocal is roughly proportional to the current, as
shown in Figure 2c. We also find that the end concentrations
(c ̃ = 0.1, 0.9) have similar switching times on the two sides, in
which cases pMP is unlikely to be observed. And the c̃ = 0.1
case switches faster than c̃ = 0.9. At medium concentrations,
there is a big time window between pMP and fMP, which
makes it possible to utilize pMP for RS.
Next, we analyze the resistance ratio (measured by voltage

Ṽm) for different combinations of interfacial ET parameters.
Here we consider steady state and assume |Ṽm| is not large
enough to significantly perturb the bulk concentration profiles.
I f | Ṽ m | ≪ 1 , t h e t o t a l r e s i s t a n c e i s

= + + +R c c R R( , )
f c f c

T B 1
Da ( ; )

1
Da ( ; ) b sT T T B B B , where R̃b is

the bulk resistance and is usually much smaller than the other
resistances (see the SI). If |Ṽm| > 1, we need to solve R̃ from
the current balance. Then we can compare R̃ for different
states and calculate the resistance ratio (≥1 by definition),
as shown in Figure 3. First, we need to know when MP can
lead to RS ( > 1). Basically, for symmetric, identical
electrodes, only pMP can lead to RS (see Figure 3a and the
DaT/DaB = 1 case in Figure 3b). For other cases, fMP can also
lead to RS. Then, to get a larger , the ET on the two
electrodes should dominate the total resistance and be very
different after MP. Therefore, larger Ωn (more Fermi energy
lift due to ion intercalation) is preferred. In addition, for
symmetric electrodes, should decrease for larger Da, smaller
Da ratios, larger |Ṽm|, as shown in Figure 3a,b. For asymmetric
electrodes, the situation is more complex. Both the magnitude
and sign of Ṽm are very important, as shown in Figure 3c. Only
large enough |Ṽm| can lead to > 1 for identical, asymmetric
electrodes and fMP (solid lines). Moreover, for asymmetric,
different electrodes depends on the sign of Ṽm.

Figure 3. Resistance ratio ( ) measured at different voltages (Ṽm = Vm/VT) due to (a) pMP and identical, symmetric electrodes and (b) fMP and

symmetric electrodes with various rate constants Da, (c) fMP and asymmetric electrodes with the same Da. For pMP, i
k
jjj y

{
zzz= exp ln R c c

R c c
( , )
( , )

b1 b0

b1 b1
. For

fMP, i
k
jjj y

{
zzz= exp ln R c c

R c c
( , )
( , )

b1 b0

b0 b1
. Here we choose cm̃ = 0.5 to calculate the bulk resistance.
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Finally, we analyze the cyclic voltammetry behaviors. As
expected (Figure 1), for symmetric and identical electrodes,
only pMP can lead to RS, as shown in Figure 4a. A Da ratio
and fMP can lead to separated states (Figure 4b), while
asymmetric α and fMP can lead to crossed states (Figure 4c),
around zero voltage.

■ COMPARISON WITH EXPERIMENTS
For dimensional analysis, we use additional parameters: c0 = 22
M, h = 80 nm, electrode area S = 500 μm × 500 μm, and Dp

0 =
1 × 10−16 m2/s (see the SI). The theory works well for the
LTO memristors33 in terms of the following three aspects.
First, the theory predicts that the switching time is limited

by the ion diffusion time (τD = 64 s), though it can be reduced
by over 10 times by increasing the current (Figure 2).
Therefore, we predict switching time in seconds, which is
consistent with experiments.
Second, without any fitting parameters, our theory indicates

that the LTO4 memrsitor should have faster switching than
LTO7 and need less current (case c̃ = 0.1, 0.9 in Figure 2),
which is also consistent with Figure 2c,d in ref 33.
Finally, by choosing proper interfacial parameters, we can

obtain cyclic voltammetry patterns similar to experiments
(Figure 2a,b in ref 33), as shown in Figure 4d. Note that the
dimensionless current at low and high voltage is mainly
determined by Da and R̃s, respectively, and the dimensional
current scale is mainly determined by the diffusion current iD.
Since electronic conductivity can vary by magnitudes due to
defects,36,37 we may assume LTO7 conductivity to be ∼0.005
S/m to quantitatively fit the experimental current in Figure 4d
(see the SI).
However, the 1D simple picture cannot predict the

numerous resistance states and finite retention time observed
in experiments. These issues may be explained by 2D or 3D
phase nucleation, which may also reduce the switching current
significantly.

■ DISCUSSION AND PERSPECTIVES
Our model provides some fresh insights into the optimization
and possible alternative designs for MP-based memristors.
First, the switching time of existing LTO memristors (on the

order of seconds) is too long for the requirements of in-
memory computing, including neuromorphic artificial synapses
(≤μs−ms)91 and digital computing (≤ns).3 The performance
can be improved by changing from LTO to intercalation
materials with high ion mobility, decreasing nanofilm thick-
ness, or increasing current. For example, we can choose
intercalation materials with lower-dimensional diffusion paths
(Figure 5a), e.g., nanosized LFP (defects-sensitive 1D paths),92

layered materials (2D paths)21 like MoS2,
93−95 LCO,96

graphite,19,97 and even 2D materials (with only a few
layers).20,98 The ion diffusivity for these examples are shown
in Figure 5b. Note that these intercalation materials all have
phase separation and strong concentration dependence of
conductance (thus usually of contact resistance), which is
necessary for MP-induced RS. We then assume the nanofilm
thickness is 50 nm and the switching time is 1/10 of the
diffusion time, and put the axes for diffusion and switching
time in Figure 5b. This is a conservative estimation, but note
that we need a thick enough nanofilm to allow coexistence of
different phases, and a too large current may lead to problems
like Li plating. As we can see, we should be able to obtain
switching time of μs−ms which is sufficient for neuromorphic
computing.
In addition, the theory implicitly indicates infinite retention

time, without state decay by diffusion which usually occurs for
traditional interfacial mechanisms.15 The experimental finite
retention time may come from rich-phase detachment from
electrodes due to material heterogeneity, surface wetting, or
thermal fluctuation. This can be (partially) avoided by surface
processing and scale-down, which should also help increase
recyclability and reduce stochasticity. Finally, scale-down
should be the primary way to reduce power consumption.
More discussion can be found in the SI.

Figure 4. Simulation results of cyclic voltammetry for two cycles. From top to bottom: applied voltage (Ṽ = V/VT) versus time (t ̃ = t/τD), phase
distribution (red, ion-rich phase 1; blue, ion-poor phase 0) versus time (t)̃, and current (|i|̃ = |i/iD|) versus voltage (Ṽ). The sweeping rate is 125 at a
dimensionless scale, or 50 mV/s if the diffusion time τD = 64 s. Four sets of electrodes are considered: (a) identical, symmetric electrodes with three
maximum sweeping voltages, (b) symmetric, different electrodes, (c) identical, asymmetric electrodes, and (d) different, asymmetric electrodes to
fit for experiments of LTO4 and LTO7 memristors from ref 33. The dashed lines in the time evolution figures label three typical states, and
schematics for states I, II, and III can be found in Figure 1. Interfacial parameters not shown in the figure: (b) DaT = 10−2, (c) DaT,B = 10−3, (d)
LTO4: DaT = 10−3, DaB = 10−6, α0

T = 0.3, α0
B = 0.08, LTO7: DaT = 10−1, DaB = 10−3, α0

T = 0.05, α0
B = 0.2. Mean concentration: cm̃ = 0.2, 0.1, 0.1,

0.1, and 0.9 for (a), (b), (c), (d) LTO4, and (d) LTO7, respectively.
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■ CONCLUSION
In this work, we have proposed and modeled a new interfacial
resistive-switching mechanism, multiphase polarization, for a
system composed of a multiphase, ion-intercalation nanofilm
sandwiched by two ion-blocking electrodes. This model is the
first to qualitatively explain the complex RS dynamics of LTO
memristors, and it provides insights for device optimization
and new designs. Future theoretical work could account for 2D
or 3D phase nucleation at interfaces,56,99 thermal and
mechanical effects,55,57 and multistage phase separation.58
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