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Controlling the electronic properties of oxides that feature a metal-
insulator transition (MIT) is a key requirement for developing a new
class of electronics often referred to as “Mottronics.” A simple, con-
trollable method to switch the MIT properties in real time is needed
for practical applications. Here we report a giant, nonvolatile resis-
tive switching (AR/R > 1,000%) and strong modulation of the MIT
temperature (AT, > 30 K) in a voltage-actuated V,03/PMN-PT
[Pb(Mg,Nb)Os-PbTiO3] heterostructure. This resistive switching is an
order of magnitude larger than ever encountered in any other similar
systems. The control of the V,03 electronic properties is achieved
using the transfer of switchable ferroelastic strain from the PMIN-PT
substrate into the epitaxially grown V,03 film. Strain can reversibly
promote/hinder the structural phase transition in the V,03, thus
advancing/suppressing the associated MIT. The giant resistive
switching and strong T. modulation could enable practical imple-
mentations of voltage-controlled Mott devices and provide a platform
for exploring fundamental electronic properties of V,0s.

correlated oxide | metal-insulator transition | resistive switching |
neuromorphic

urther advancement of computational technologies requires

developing approaches beyond the traditional Turing-von
Neumann architecture (1-3). One of the most promising alter-
natives is hardware-level neuromorphic computing, i.e., building a
machine that mimics the operation of a brain (4-6). Such machine
is proposed to be a large-scale network of simple computing units
(neurons) performing a “leaky-integrate-and-fire” operation which
are interlinked by nonvolatile memory elements (synapses).
Because a human brain contains on the order of 10'° neurons and
10™ synapses, the implementation of a similar-complexity ma-
chine requires the development of simple circuits using ultralow
power consumption artificial neurons and synapses (7). Transition
metal oxides have the potential to become the material base for
neuromorphic circuits. Oxides such as NbO, VO,, V,0;, etc., that
feature a metal-insulator transition (MIT), can be used to mimic
the operation of neurons by taking advantage of the large ON/
OFF-ratio threshold firing effect (8, 9). Continuous nonvolatile
resistive modulation, necessary to implement an artificial synapse,
can be achieved in a variety of oxides via multiple routes, for ex-
ample, by utilizing electroforming (10), electrical gating (11, 12),
by assembling ferroelectric tunnel junctions (13), etc. It would
be desirable to develop a material system in which the threshold
firing associated with the MIT and a controllable nonvolatile
resistive switching are present simultaneously. This would enable
assembling neuromorphic devices on a single-material platform,
thus greatly simplifying the monolithic integration necessary for
high-density circuits.

In this work we use the ferroelectric solid solution Pb(Mg,Nb)
03-PbTiO3 (PMN-PT) to apply electrically tunable stress on an
epitaxial V,0; film to modulate its electronic properties. V,0Os is
a classic Mott insulator that has a first-order MIT accompanied
by a rhombohedral-to-monoclinic structural transition at T. =
150-160 K (14, 15). The phase transition in V,Oj3 thin films is
highly sensitive to external forces such as hydrostatic pressure
(16) and epitaxial strain (17-20). Oxide/ferroelectric hybrids had
been studied before using other correlated materials, such as
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VO, (21-23), Fe;04 (24), LaNiOj; (25), and NdNiOs (26), having
the largest reported resistive switching in the range of 1.5% < AR/
R < 110%. In V,03/PMN-PT, we achieved a nonvolatile resistive
switching over 1,000% and a MIT temperature modulation over
30 K by switching the substrate between the single out-of-plane
domain and multidomain polarization states. This discovery pro-
vides the means for engineering tunable memristive elements and
can enable functionalities such as switching the device’s operation
between thermal (volatile) and electrochemical (nonvolatile)
threshold-firing modes (27) by adjusting the material’s T.

Results

Fig. 14 schematically shows the V,O3;/PMN-PT device configu-
ration and the electrical measurement circuit. The device is a
parallel plate capacitor built from the V,05; and Au electrodes
that enclose the insulating PMN-PT. The circuit allows a four-
probe measurement of the V,0j3 resistance while simultaneously
switching the PMN-PT’s polarization via a bias voltage applied
between the V,0; and Au electrodes. Fig. 1B shows the polar-
ization switching in a V,0O3/PMN-PT/Au device at two temper-
atures. High-temperature treatment during the film growth
(Materials and Methods) did not suppress the ferroelectricity in
the PMN-PT. The measured hysteresis loops have well-defined
saturation and switching regions. The PMN-PT’s spontaneous
polarization and coercive fields increase as the temperature de-
creases, as it is expected in a ferroelectric material. Even under
high applied voltages, there were no measurable leakage currents
that could cause Joule heating and affect the device’s temperature.

Significance

New materials are currently investigated as a basis for energy-
efficient computational paradigms such as neuromorphic com-
puting. In materials exhibiting a metal-insulator transition (MIT),
a small stimulus can trigger a large change in electrical conduc-
tivity. This can be used to mimic brain-spiking activity in bi-
ologically inspired electronics. Enabling continuous, nonvolatile,
and reversible tuning of the MIT is important for implementing
learning algorithms. Here we demonstrate an unprecedentedly
large, voltage-controlled MIT temperature modulation and re-
sistive switching in a Mott-oxide/ferroelectric heterostructure.
Our results imply this effect is produced by strain tuning of the
structural phase transition (SPT) which is coupled to the MIT.
Since many Mott oxides have concurrent MIT and SPT, our re-
sults are directly relevant to a broad range of correlated oxides
heterostructures.
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Fig. 1. Control of the MIT in V,03/PMN-PT. (A) Schematic representation of the V,03/PMN-PT device and the electric transport measurement circuit.
(B) Polarization hysteresis loops of V,03/PMN-PT/Au at 300 K (red line) and 200 K (blue line). (C) Nonvolatile control of the MIT in V,03 film by switching the
PMN-PT’s polarization into the out-of-plane direction by a —10-kV/cm bias (blue line) and into a multidomain state by a +3.8-kV/cm bias (red line). Device
pictograms schematically show the polarization domain configurations in the PMN-PT. (/Inset) Magnification of the region where the R-Ts change the slope
(marked with arrows), which indicates the beginning of insulating domains nucleation in the V,0s. (D) Resistance derivatives with respect to temperature.
Continuous and dotted lines correspond to the cooling and heating cycles, respectively. The peaks indicate a rapid resistance change that can be attributed to

the loss/establishment of electrical percolation in the V,0s.

The polarization domain configuration in the PMN-PT sub-
strate has a major effect on the MIT of the V,0; film. Fig. 1C
shows two resistance vs. temperature (R-T) curves of a V,0;
device corresponding to the out-of-plane single domain (blue
line) and multidomain (red line) polarization configurations in
the PMN-PT. At the beginning of each measurement, the substrate
was switched at 250 K. This was done by applying a —10-kV/cm bias
(higher than the saturating field) to induce the single out-of-plane
domain configuration and a +3.8-kV/cm bias (close to the coercive
field) to switch the substrate into a multidomain configuration. Then
an R-T was acquired under zero bias during a continuous tem-
perature sweep. Both R-Ts in Fig. 1C show the characteristic
MIT having over four orders of magnitude resistance change.
Remarkably, changing the PMN-PT domain configuration shifts
the V,05; MIT by up to 32 K. This is further emphasized in the
resistance derivatives plot (Fig. 1D) in which the peaks are as-
sociated with the loss/establishment of electrical percolation.

Salev et al.

The PMN-PT’s domain configuration also affects the tempera-
ture of insulating domain nucleation in the V,03, which causes the
sign change of the R-T slope (Fig. 1C, Inset). The T, modulation
is nonvolatile and persists over a large temperature sweep range.
The effect is fully reversible by switching the substrate between the
out-of-plane and multidomain configurations. To the best of our
knowledge, the AT. = 32 K in V,03/PMN-PT is at least 4-10x
larger than in any other similar (correlated oxide)/(ferroelectric)
heterostructures (21-24, 26, 28).

The same circuit as in Fig. 14 was used to investigate the
nonvolatile resistive switching in the V,05 controlled by a bias
field on the PMN-PT. Fig. 24 shows the resistive switching ratio
AR/R vs. bias field E recorded at three different temperatures.
The resistive switching ratio is defined as AR/R(E) = 100%
[R(E) — Ro)/Ro, where Ry is the device’s minimum resistance at zero
bias. The AR/R loops have well-defined low- and high-resistance
states and the switching between them occurs at a bias field close
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to the PMN-PT coercive field. The magnitude of AR/R depends on
the temperature. At T = 145 K, we observed the largest AR/R ~
1,100%, which is one to two orders of magnitude higher than in any
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Fig. 2. Nonvolatile resistive switching in V,03/PMN-PT. (A) Resistive switching
ratio in the V,0s film vs. the bias field applied to the PMN-PT substrate at three
different temperatures. (B) Temperature dependence of the nonvolatile re-
sistive switching ratio at zero bias. The shaded region corresponds to the T,
modulation range observed in the R-T measurements (Fig. 1C). (C) Analog
resistive tuning in V,03/PMN-PT achieved by adjusting the bias-field ampli-
tude. The measurements were done at 145 K.
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other similar (correlated oxide)/(ferroelectric) heterostructures (21—
24). The temperature dependence of the zero-bias AR/R, ie., the
nonvolatile switching between the low- and high-resistance states, is
shown in Fig. 2B. The largest AR/R coincides with the T, of V,0;
indicating that the giant resistive switching is related to the MIT.
Below the T, the AR/R remains within 50-100% range. Above the
T, the AR/R slowly decreases from 40% at 180 K to 18% at room
temperature.

The resistance of V,0; devices can be tuned continuously
between the low- and high-resistance states by adjusting the bias
amplitude applied to the PMN-PT, as demonstrated in Fig. 2C.
At the beginning of each measurement, the device was switched
into the low-resistance state Ry = 1.6 kQ by applying —17-kV/cm
bias to the PMN-PT. The application of +11-kV/cm bias switches
the V,0; into the high-resistance state of 18 kQ, which corre-
sponds to AR/R = 1,025%. If a bias field with an amplitude
below +11 kV/cm is applied, then the V,0O3/PMN-PT can be
switched into an intermediate resistance state ranging between the
low 1.6 kQ and high 18 kQ limits. This continuous, analog re-
sistance tuning is the essential feature that is needed to implement
an artificial synapse for hardware-level neuromorphic circuits.

Discussion

We considered four possible mechanisms behind the nonvolatile
control of the V,03/PMN-PT electrical properties: (i) transfer of
piezoelectric/ferroelastic strain from the substrate into the film
that contracts/expands the V,0; lattice, (ii) strain-mediated
disorder induced in the V,03; when the PMN-PT is switched
into a polarization multidomain configuration, (iii) ion migration
in the V,0; caused by transient currents associated with the
polarization switching in the PMN-PT, and (iv) field effect, i.e.,
accumulation/depletion of free carriers in the V,0j3 to screen the
spontaneous polarization of PMN-PT. Here we focus on the
strain transfer effect, the primary driving force behind the resistive
switching. A brief discussion on the strain-mediated disorder, ion
migration, and field effect is available in SI Appendix.

The V,0; resistance increases strongly only when the PMN-
PT is switched into a multidomain configuration, being virtually
unaffected by a 180° out-of-plane polarization reversal. A large-
amplitude bias sweep, inducing a 180° polarization switching, results
in a nearly symmetric “butterfly”-shaped resistive switching loop, in
which the device always switches back into the low-resistance state
at zero bias (Fig. 34). The application of a bias close to the PMN-
PT coercive field, inducing a multidomain state, switches the film
into the high-resistance state independent of the initial “up” or
“down” polarization direction in the substrate (Fig. 3 B and C).

To gain an insight into the structural difference between the low-
and high-resistance states, we measured high-resolution reciprocal
space maps (RSMs) in the vicinity of PMN-PT (111) Bragg peak
(Fig. 3D). The rhombohedral PMN-PT lattice is elongated in the
polarization direction that coincides with the space diagonals of
the perovskite unit cell (29). There are eight equivalent polari-
zation domain orientations in PMN-PT, all of which can emerge
during the polarization switching. In a <111>-oriented substrate,
two orientations correspond to the up and down out-of-plane
polarization domains (OOP domains) and six orientations at
71°/109° with respect to the surface normal have a large in-plane
polarization component (IP domains). We found that when the
V,03/PMN-PT is in the low-resistance state, the PMN-PT is
nearly in a single OOP domain configuration. In the high-resistance
state, ~40% of the substrate’s volume comprises the IP domains.
The IP domains are expected to induce a tensile in-plane strain in
the V,0; film; therefore, it is consistent with the V,05 phase dia-
gram (15) that the film’s T, increases when the PMN-PT is switched
into a multidomain configuration. The measured difference of the
spontaneous strains between the IP and OOP domains in the PMN-
PT is ~0.27%. A similar lattice compression in a bulk V,0; crystal
can be induced by ~1-MPa hydrostatic pressure (30) which reduces

Salev et al.
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Strain effect in V,03/PMN-PT. (A-C) Resistive switching in V,03/PMN-PT under a high- (A) and reduced-amplitude (B and C) bias fields. The high-

amplitude bias (A) induces 180° out-of-plane polarization switching in the PMN-PT resulting in a symmetric butterfly-shaped resistive switching loop in the
V,03. The reduced-amplitude bias (B and C) switches the PMN-PT into a multidomain state producing a nonvolatile resistive switching in the V,03. Mea-
surements were done at 200 K to ensure that the full polarization saturation can be achieved in the experimental setup. (D) RSM in the vicinity of the PMN-PT
(111) Bragg peak for the sample switched into the low- (Top plot) and high-resistance (Bottom plot) states. The Bragg peaks corresponding to the OOP and IP
domains are marked in the plots. (E) Wide-range RSM of the V,03/PMN-PT sample. The film and substrate peak indices are written in white and red, re-
spectively. (Inset) The alignment of the corundum (001) plane of V,03 (orange) with the (111) plane of PMN-PT (gray and green) is shown schematically.

its T, by 40 K (15). This is close to the largest MIT temperature
modulation AT, = 32 K observed in our samples, which indicates
that the transfer of switchable strain from the substrate into the film
gives rise to this effect. Additionally, the resistive switching in the
V,03/PMN-PT above the MIT can be described reasonably well
by a simple hydrostatic-pressure-like model (SI Appendix), which
further supports the strain transfer origin of this effect. Direct
measurements of the switchable strain in the V,0; thin film un-
fortunately proved unfeasible in our experimental setup. The
film’s Bragg peaks have too weak intensity for high-resolution
measurements using a laboratory-based X-ray tool. Analysis
of the strain in V,05;, however, could be possible using a high-
brilliance X-ray source such as synchrotron radiation.

Efficient strain transfer from the PMN-PT into the V,0;
could be enabled by the epitaxial relation between the film and
the substrate. In a V,05 crystal, the a lattice parameter of the
high-temperature corundum phase expands by +1.0% across the
phase transition while the ¢ parameter contracts slightly by —0.2%

Salev et al.

(14). In V,0; films, the strain coupling of the film’s (001) plane to a
substrate has been found to strongly affect the MIT (31). In this work,
we specifically chose (111)-oriented PMN-PT to promote the
V,0; film growth along its corundum c¢ axis. The wide-range RSM
measurements confirmed the epitaxial relation (001)y203||(111)pmnpr
(Fig. 3E). Therefore, the switchable stress provided by the PMN-PT
acts directly on the V,03 (001) plane that is expected to have the
largest size change across the structural phase transition; thus,
the stress can suppress or promote the associated electronic MIT.
The transfer of switchable strain was also identified as the origin of
resistive switching in the related VO,/PMN-PT system (21-23).
The nonvolatile resistive switching in V,O3/PMN-PT, however, is
at least 50x larger compared with the VO,/PMN-PT. This may be
due to a much greater sensitivity of V,0j3 to a stress. For example,
2-GPa hydrostatic pressure shifts the T. of VO, by ~2 K (32, 33),
while the same pressure completely suppresses the MIT in V,05 (15).

V,05/PMN-PT is a unique artificial system in which a sharp
MIT and a large nonvolatile resistive switching are present at the
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same time. This discovery could enable the development of a
hardware-level, single-material, neuromorphic platform that is
simultaneously capable of emulating the operations of neurons
[using the MIT-based threshold firing (8, 9, 34)] and synapses
(using the analog resistance tuning). The giant resistive switching
AR/R > 1,000% in V,O3/PMN-PT is related to the nucleation of
polarization domains with an elongated in-plane lattice parameter
in the substrate and the subsequent transfer of the ferroelastic
strain into the film. The strain associated purely with the piezoelectric
effect in the PMN-PT, on the other hand, has very little impact on the
V,0; resistance, AR/R < 10% (S1 Appendix). Therefore, the complex
solid solution PMN-PT potentially can be substituted by “simpler”
ferroelectrics, e.g., lead-free BaTiO; or BiFeOs;, in which a reversible
switching between OOP and IP polarization configurations is
possible. Further studies are needed to test whether the inherently
inhomogeneous stress in a multidomain PMN-PT has a special
impact on the V,0; electronic properties and to investigate how
the switchable stress reversibly drives the V,0; film through the
corundum-monoclinic structural phase transition. Addressing these
questions may reveal the origin of the giant resistive switching in
V,03/PMN-PT and improve our knowledge of the complex physics
of strongly correlated oxides, which may lead to transformative
technological breakthroughs.

Materials and Methods

Film Growth and Device Fabrication. V,05; films were grown epitaxially
on <111>-oriented double-side-polished 0.5-mm-thick 0.7Pb(Mg+,3Nb5/3)O3-
0.3PbTiOs3 substrates by on-axis rf magnetron sputtering. V,03 was sputtered
in 7.8-mTorr pure Ar atmosphere from a stoichiometric ceramic target. The
rf power supplied to the target was 150-W which resulted in ~2.5-A/s film
growth rate. The film growth was done at a substrate temperature of 650 °C.
After the growth, the samples were thermally quenched at ~100 °C/min
cooling rate (35). The synthesized films had the thickness of 80-100 nm as
determined from X-ray reflectivity measurements (S/ Appendix). Circular 150-um-
diameter (100 nm Au)/(20 nm Ti) electrodes for four-probe resistance measure-
ments were fabricated on top of the V,0s films using e-beam evaporation and a
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standard lift-off process. The 1,150 x 550-um? rectangular V,0; devices were
patterned using reactive ion etching in a 50-mTorr 50/50 Cly/Ar atmosphere. A
120-nm-thick Au layer was evaporated on the back of PMN-PT to use as the
bottom electrode for the polarization switching measurements.

Electrical Measurements. The measurements at cryogenic temperatures were
performed in a Lakeshore TTPX probe station equipped with four electrical
probes and a substrate holder biasing lead. The resistance of V,05/PMN-PT
devices was measured in a four-point configuration using a Keithley 6221
current source and a Keithley 2812 nanovoltmeter. The R-T curves (Fig. 1C)
were acquired during a continuous temperature sweep at 1-K/min rate. The
polarization switching in the PMN-PT substrate for the transport mea-
surements was done using the voltage source of a Keithley 6517 elec-
trometer (+1,000-V maximum output). The measurement circuit in Fig. 1A
was designed to keep the V,03 film close to the ground potential. This
allowed accurate resistance measurements both with and without a bias
field applied to the substrate. The polarization hysteresis loops (Fig. 1B)
in the V,03/PMN-PT/Au devices were recorded using a Radiant Premier
Il tester.

Structural Characterization. The XRD measurements were done in Rigaku
SmartLab system at room temperature. Unpatterned V,03/PMN/PT samples
were used in the X-ray measurements. The RSMs in the vicinity of PMN-PT
(111) Bragg peak for the sample switched into the low- and high-resistance
states (Fig. 3D) were recorded by applying a bias field to the sample in situ
before the measurements via electrical leads attached to the V,03 top and
Au bottom layers. The in situ bias setup ensured that the sample alignment
does not change between each measurement. The wide-range RSM (Fig. 3E)
was reconstructed from a series of 6-20 scans recorded at different sample
tilt angles in the plane orthogonal to the scattering plane (y-angle). A set of
standard measurements (reflectivity, rocking curves, pole figures) is available
in SI Appendix, Fig. S1.
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