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ABSTRACT: Hysteretic metal−insulator transitions (MIT) mediated by ionic
dynamics or ferroic phase transitions underpin emergent applications for nonvolatile
memories and logic devices. The vast majority of applications and studies have
explored the MIT coupled to the electric field or temperarture. Here, we argue that
MIT coupled to ionic dynamics should be controlled by mechanical stimuli, the
behavior we refer to as the piezochemical effect. We verify this effect experimentally
and demonstrate that it allows both studying materials physics and enabling novel data
storage technologies with mechanical writing and current-based readout.
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Metal−insulator transitions (MITs) are among the most
exciting physical phenomena, both as a source of

information on materials physics1 and due to a broad gamut
of novel electronic and device applications.2−4 Of these, the
hysteretic MITs controlled by external electrical or optical
stimuli are of special interest as the enabling component of the
information storage and logic applications that include
electroresistive memories and field-effect transistors. The
mechanisms of MITs are very diverse and can include intrinsic
phase separation in complex oxides,5−8 electrochemically
coupled phenomena,9−11 strain-controlled ferroic transitions,12

and Joule-heating induced effects.13−16 Even more complex
phenomena are enabled by interfaces and thin layers, as in the
ferroelectric tunneling junction.17,18

In virtually all cases to date, the MITs are controlled by
applied electric or magnetic fields,10,11,19 giving rise to a broad
set of existent and emergent information technology
applications. We note, however, that multiple classes of MITs
are intrinsically coupled to strain and thus will be affected by
mechanical forces. This is the case for physical MITs associated
with ferroic transitions, when the mechanical force can vary the
fraction of metallic high symmetry phase.12 However, the
mesoscopic scale of domains and the long-range nature of
strain interactions preclude local remanent changes in
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conductance state. At the same time, ionically mediated MITs
can be confined to nanometer level of several unit cells and are
often hysteretic in nature, enabling broad range of applications
in nonvolatile information storage and logic devices.
We note that all ionically controlled MITs are associated

with molar volume changes, the behavior universally referred to
as chemical expansivity.20,21 This suggests, through the Le
Chatelier principle, that local strain can be used to induce and
control MITs in ionic systems, offering new opportunities for
oxide electronic device fabrication and fundamental studies of
MIT phenomena. On the other hand, in general, having a new
way of controlling material properties (in addition to, e.g.,
electrical and thermal stress, and light) is always desirable and
presents new opportunities for applications. Here, we explore
local pressure-induced MIT in oxides and demonstrate creation
of remanent conductance states.
To demonstrate this effect, we have chosen NiO as a model

system in a close proximity to MITs. The MIT in NiO can be
readily induced by changes of stoichiometry in NiO1−x, or
doping. The former can be controlled by electric bias, and
consequently NiO is one of the most popular resistive
switching materials.10,11,19,22−24 In this compound, oxygen
stoichiometry is expected to be strongly affected by pressure,
that is, the piezochemical effect, due to the Vegard strain effects
(chemical expansivity),21,25 providing the basis for strain-
controlled MITs.
To establish the presence of pressure-induced changes in

surface conductance, the material surface was scanned by a
grounded atomic force microsocpy (AFM) tip. As illustrated in
Figure 1a,b, scanning the surface with an electrically grounded
tip significantly alters its electronic conductance, that is,
changing it to high-resistance state.
We further explore the bias-induced evolution in surface

potential. The application of positive bias leads to positively
charged surface (measured by Kelvin probe force microscopy:

KPFM)26−28 and high-resistance state (measured by conductive
AFM: CAFM), as illustrated for NiO in Figure 1d−g. The
surface potential behavior indicates the charge injection or
electrochemical reaction near the sample surfaces.29,30 At the
same time, the observed conductance changes suggest ionically
mediated electrochemical reaction during the bias-application.
When the positive bias is applied to the NiO1−x film surfaces,
positively charged oxygen vacancies are repelled from the film
surface.19 At the same time, negatively charged oxygen ions are
attracted to the film surface under positive bias. Then, NiO
transforms to a stoichiometric insulating state.31 In agreement
with previous reports, different bias voltage levels control the
degree of the electrochemical reactions near the surface and
allow control of remanent conductance (multiple level
storage).32

To further explore the pressure-induced MIT, the experi-
ments were performed with high spring constant cantilevers,
enabling nominal indentation forces even up to 3 μN (note that
presence of capillary forces in ambient environment generally
results in 50−100 nN adhesion forces). The surface was
scanned by a grounded tip while increasing the tip−surface
contact force from 750 nN (for set point, SP = 0.5 V) to 6 μN
(for SP = 4.0 V). Subsequent KPFM and CAFM imaging has
demonstrated that, on increasing the contact force, the surface
potential increases and conductance decreases, as illustrated in
Figure 2. In other words, pressure changes surface potential and
conduction similarly to the application of positive bias to the
probe at low indentation force.
To separate the contributions of normal pressure vs friction

forces and wear, we performed force−distance (F−D)
measurements on a grid of points. In these, high pressure can
be applied without scanning the sample surface. The observed
changes in conductance (Figure S4 in Supporting Information)
are the same as during scanning. Hence, the friction effects, that

Figure 1. (a,c) Topography and (b,d,f) CAFM, and (e) KPFM images of a NiO film (a,b) after three consequtive scans over an area of 2.0 μm at 1.0
Hz with grounded (0 V) Pt/Cr coated tip, (d) during and (c,e,f) after applying bias voltages from −8 V to +8 V by Pt/Cr coated tips under the set
point of 0.5 V (corresponding to 40 nN force exerted by the cantilever). CAFM images in parts b and f were taken under −2 V and set point of 0.75
V. (g) Average current line profiles from CAFM images. Orange and blue lines are taken from parts d and f, respectively. The scale bar is 1 μm.
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is, triboelectricity,33−35 can be largely excluded as the origin of
observed changes.

Finally, to check controllability of the pressure effect, the box
patterns were formed by combination of high contact force and
bias voltage. As shown in Figure 3, the surface potential and
current can be well- controlled by both contact force and bias
voltages. In the first case, we switched materials into low-
resistance state by applying negative bias voltage and then
switched back into high-resistance state by pressing the
material, whereas, in the second one, we switched in high-
resistance state by pressure and then switched back to the low-
resistance state by bias. This provides that the pressure acts as
positive bias voltage. It can only switch materials from a low to
a high-resistance state; however this low-resistance state can be
reversed by negative bias voltage. We further note that the
pressure- and bias induced conduction variations are long-lived
and can be observed to persist for at least 15 h (see Figure S6).
Pressure-induced formation of the region with decreased

conduction can be attributed to several possible mechanisms.
The primary interaction we consider is piezochemical coupling,
in which applied pressure shifts electrochemical potential of
oxygen vacancies through Vegard, flexoelectric, and deforma-
tion potential effects.36 Due to the relatively low mobility of
oxygen vacancies, thus induced changes are kinetically frozen
and can be detected as remanent changes in conductance.
The magnitude of this effect can be readily estimated from

chemical expansion and deformation potential theories.37−41

The strain-induced conduction (valence) band edge shift
(deformation potential) is proportional to the strain variation,
δuij(r), that is, EC(uij(r)) = EC0 + Ξij

Cuij(r), EV(uij(r)) = EV0 +
Ξij
Vδuij(r), where EC and EV are the position of the bottom of

conduction band and the top of the valence band,
respectively,42 Ξij

C,V is a deformation potential tensor of
electrons in the conduction (C) and valence bands (V). The
symmetry of the deformation potential tensors Ξij

C,V are rather

Figure 2. (a) Topography, (b) KPFM, and (c) CAFM images of a
NiO film after scanning with different contact force, that is, set point
SP, by diamond coated tips. (d) Line profiles from KPFM and CAFM
images (parts b and c). The bright orange area presents a scanned area
with different contact force. CAFM image in part c was taken under
−2 V. 1.0 V of set point corresponds to about 1500 nN. The scale bar
is 1 μm.

Figure 3. (a,d) Topography, (b,e) KPFM, and (c,f) CAFM images of a NiO film after box patterning by a diamond coated tip: (a−c) background
box pattern: bias voltage of −6 V, inner box pattern: set point of 1.5 V, (d−f) background box pattern: set point of 1.5 V, inner box pattern: bias
voltage of −6 V. CAFM images in parts c and f were taken under −2 V. 1.0 V of set point corresponds to about 1500 nN. There is slight topographic
change due to application of high contact force. The scale bar is 1 μm.
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complex but coincide with the crystal spatial symmetry at the
Γ-point.43 Here, since the spontaneous tetragonal or ortho-
rhombic distortions are absent in the parent phase, we use the
cubic parent phase approximation of the deformation potential
for numerical calculations, that is, Ξij

C,V = −Ξd
C,Vδij (δij is a

Kroneker symbol). Typical values of Ξd
C,V are ∼5−10 eV. To

determine the numerical value of deformation potential, we
performed density functional theory (DFT) calculations to
gauge the effect of strain on the NiO band gap (see the
Methods section for technical details). DFT does not accurately
describe the detailed features of the electronic structure of
NiO,44 but we expect trends in band gaps and band edges to be
correct. Figure S7 shows that tensile strain by itself significantly
lowers (by ∼0.1 eV) the calculated gap, even in the absence of
stoichiometry changes.
The second contribution to pressure-induced effects is

flexoelectric coupling, δPi = aij
−1( fmnjl/2)(∂umn/∂xl), where fmnjl

is the flexoelectric effect tensor. Electric field Ei = −∂φ/∂xi and
electrostatic potential φ should be determined from the
Poisson equation. Then, variation of the electric field related
to the flexoelectric effect is written as δEj = −(χij−1/ε0)δPi ≈
−fmnjl(∂umn/∂xl), where aik

−1 ≡ 2ε0χik and χij is the related
susceptibility. To estimate the electric potential variation δφ
caused by the electric field δEj, we assume that all variables
depend only on the distance z from the surface. For the case,
δEz = −dδφ/dz, and therefore δφflexo(z) = −∫ −∞

z dz′δEz(z′) =
fmn33 ∫ −∞

z dz′(∂umn/∂z′) = fmn33δumn(z). Consequently, the free
carrier density can be estimated in the Boltzmann approx-
imation36 n = n0 exp((Ξd

Cδuii + eδφflexo + eφext)/kBT) for free
electrons, where φext is applied an external potential, n0 is their
bulk concentrations, kB = 1.3807 × 10−23 J/K, and T is the
absolute temperature. The total tip-induced variation of
electrochemical potential at the surface is δμn = Ξd

Cδuii +
eδφflexo + eφext for electrons, or δμn ≈ (Ξij

C + ef ij33)sijklσkl −eφext

in linear approximation of the linear Hooke law, uij = sijklσkl + ...
(sijkl is elastic compliance).
Finally, the third component for vacancies is the Vegard

term, that is, coupling between molar volume and vacancy
concentration. This term yields to relations for stress σij =
cijklukl(r) + βij

d(Nd
+(r) − Nd0

+ ) and strain uij = sijklσkl(r) −
β̃ij
d(Nd

+(r) − Nd0
+ ), where β̃ij

d = sijklβ̃kl
d are the Vegard expansion

tensors for donors (vacancies). Consequently, equilibrium
concentrations of the donors are in the Boltzmann−Planck−
Nernst approximation Nd

+ ≈ Nd0
+ exp((βij

dδuij − ef ij33δuij − eφext)/
kBT).

36 The total tip-induced variation of electrochemical
potential for vacancies is δμNd

= βij
dδuij − ef ij33δuij + eφext. Using

the Hooke law, it can be rewritten as δμNd
= β̃ij

dσij − ef ij33sijklσkl +
eφext.
For NiO,45−48 we estimated diagonal component β̃ of β̃jk

d =
δikβ̃ as ranging from −8 Å3 to −20 Å3 and obtained β ≈ (2−40)
eV for elastic stiffnesses of c11 = 224 and c12 = 97 GPa49 (Figure
S7). The pressure induced changes in electrochemical potential
for electrons and vacancies can be as high as 0.28 eV for
pressures of the order of ∼3 GPa, as generated in the contact of
10 nm radius under ∼103 nN indentation force. These simple
estimations suggest that piezochemical coupling is a fully
realistic effect that should manifest for large indentation forces
in materials with high ionic mobility. Note that the flexoelectric,
deformation potential, and Vegard effects cannot be decoupled
unambiguously.
In addition to the piezochemical effect, we note that other

mechanisms can operate in a tip−surface junction.33 These
include grounded tip effect, that is, the transfer of charge
between surface charges and a grounded tip after their contact
and subsequent separation and can be referred as a purely
electrostatic effect,29 triboelectricitiy, which is the transfer of
charge caused by friction,33−35 and wear effect, which can

Figure 4. (a) 3D profile of the electric potential, (b) electric potential, (c) electric potential (log scale x axis), (d) 3D profile of log(ce/ce
∞), (e) defect

concentrationon, and (f) defect concentration (log scale x and y axes) profiles, 2.0 V bias voltage, Find = 3 μN (indentation force), cv
∞ = 0.01, cell size

= 256 λ/(cv
∞)1/2 (λ is the Debye length).
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induce physical damage on the surfaces and results in surface
defects (e.g., selective removal of oxygen adatoms was
demonstrated by Gai and Kourtakis50). While the wear effect
accompanies visible topographic damage, the piezochemical
effect under low contact force in Figure 1a is not expected to
give the significant topographic change. Thus, given the
absence of visible topographic damage in Figure 1a, the wear
effect can be excluded. As we discuss in the Supporting
Information, all of these effects can be largely excluded based
on the rate-dependent contact measurements and the sign of
the change of the surface potential as a result of surface
scanning with a grounded metal coated tip.29

Finally, to explore the effect of pressure on ionic dynamics in
realistic geometries, we performed full 3D numerical
simulations based on the solution of coupled system of
mechanical equilibrium and Poisson equations. The pressure
and potential effect on the ion and electron concentration was
chosen to be
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following the work by Sheldon and Shenoy.51 Here, the first
exponential term represents the effect of free volume of the
carriers and ions, and the second is electrostatic potential. In eq
1, cv

∞ and ce
∞ are oxygen vacancy and extra electron

concentrations in bulk, respectively, V̅v and V̅e are partial
molar volumes for oxygen vacancy and extra electron,
respectively; σr, σθ, and σz are the stress components, and
Δφ is the electric potential difference between the point (r,z)
and bulk, F and R are Faraday and gas constants, respectively.
The details of the material parameters chosen in this study are
provided in the Supporting Information. The boundary
conditions are chosen corresponding to the Hertzian52 solution
for indendation, p(r,0) = p0(1 − (r2/ac

2))0.5 (r ≤ ac), where p0 =
(2E*ac/πRi) in which ac is the contact area radius and Ri is the
indenter tip radius and E* represents the effective Young’s
modulus calculated in terms of surface and indenter tip elastic
properties.
Shown in Figure 4 are the computed distributions of the

electrostatic potential and ionic concentrations in NiO, as well
as corresponding depth profiles. Interestingly, the presence of
mechanical stress can shift the electrochemical potential in the
system by several hundred meV, more than sufficient to induce
MIT. The range of this effect is determined by the characteristic
tip size and can significantly exceed that of the electrostatic field
produced by the tip. While the tip biases can be considerably
higher with associated shifts in electrochemical potentials, their
penetration length is of the order of Debye length for the
conductive NiO. This mechanism suggests the asymmetry
between metal-to-insulator and insulator-to-metal transitions,
since in the insulating state the penetration depth of elastic and
electric fields is comparable. Hence, these estimates suggest that
pressure-induced changes in the electrochemical potential are
of sufficient magnitude to induce MIT and at the same time are

long-ranged (compared to stronger but short-range bias
effects).
To summarize, we have predicted and experimentally

observed the pressure-induced changes in conductivity of
transition metal oxides presumably mediated by changes in
stoichiometry, of which behavior we refer to as the
piezochemical effect. This behavior is expected to be universal
in transition metal oxides and can be predicted based on the
deformation potential, flexoelectric effect, and chemical
expansivity.
The piezochemical effect allows mechanical manipulation of

local resistivity down to the nanometer level. This provides
insight into the pressure-controlled physics of transition metal
oxides and also allows development of new generation of
information storage devices with mechanical recording and
current-based readout. For example, one might use piezo-
electric layers coupled with electroresistive material and the
pressure-controlled electroresistance can be feasibly mediated
through ferroelectric domains.53 In the context of the most
practical application of electroresistive effectin passive
crossbar memoriesa potential advantage of using mechanical
stress (e.g., overheating) is a possibility for confining stress and
thus has less parasitic coupling between neighboring memory
cells.
In addition, the “voltage−time” dilemma of the electro-

resistive (memristive) devices arises from the fact that, to have
large retention-to-write-time ratio, one either has to apply very
high electric field and/or to heat it up to high temperatures.
The problem is that both approaches are detrimental to the
device endurance and variations. Enforcing nonlinear ion
dynamics with mechanical stress may help to alleviate this
issue. Furthermore, nonlinear modulation of the ion/defect
mobilities could be available in many other applications, for
example, to increase power density in fuel cells and to
understand local strains, associated with electroforming, can be
coupled to the electrochemistry.

Methods. Materials. A 50 nm thick polycrystalline NiO1−x
thin film was prepared by the sputtering method on SrRuO3/
SrTiO3 substrate (substrate temperature: 500 °C, working
pressure of Ar + O2 mixture gas: 1.5 mTorr, O2 ratio: 7%).

23

Measurements. Ambient AFM studies were performed with
a commercial system (Asylum Research Cypher) additionally
equipped with a current amplifier (FEMTO DLPCA-200).
CAFM and KPFM were carried out with applying biases to Pt/
Cr (Budget sensors Multi75E-G) and boron-doped diamond
(NT-NDT DCP20) coated tips. The spring constant of each
cantilever was obtained from force−distance measurements and
subsequent thermal tuning methods. The spring constants of
Pt/Cr and diamond coated cantilever is 1.6 N/m and 70 N/m,
respectively. Each 1.0 V of set point for Pt/Cr and diamond
coated cantilever corresponds to about 80 nN and 1500 nN,
respectively.

DFT. DFT calculations were performed within the local spin
density approximation with projector augmented wave
potentials, as implemented in VASP. We used a 4 × 4 × 4 k-
point mesh (increased to 8 × 8 × 8 for calculations of the
density of states), a 500 eV plane wave cutoff and set Ueff = U −
J = 7.05 eV, as determined by Anisimov and co-workers.54 The
antiferromagentic ordering was along the [111] direction,
which reduces the symmetry of the Fm3 ̅m rock salt structure to
R3 ̅m. The rhombohedral distortion induced by the magnetic
ordering is negligible in NiO, and so we only performed
calculations on cubic cells. The lattice constant (4.10 Å),
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magnetic moment on Ni (1.75 μB), and band gap (3.97 eV)
were in good agreement with previous theoretical calcu-
lations55−57 and with the experiment.58−61 For the strain
calculations, we applied C11 strains of up to 4% (tensile and
compressive) of the equilibrium theoretical lattice constant.
Finite Element Modeling.52 The combined system of

mechanical equilibrium equations and Poisson equation with
the for charge carries were solved using finite element methods
as described in ref 51. The material parameters can be found in
the Supporting Information.
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