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ABSTRACT

We have demonstrated pressure-induced transition in a c-axis oriented V;0s3 thin film from
strongly correlated metal to Mott insulator in a submicrometric region by inducing a local stress
using contact atomic force microscopy. To have an access to a pressure range of sub-gigapascal, a
tip with a large radius of 335 nm was prepared by chemical vapour deposition of platinum onto a
commercial tip with a focused ion beam (FIB). The FIB-modified tip gives a good electrical contact
at low working pressures (0.25-0.4 GPa) allowing unambiguously to evidence reversible metal-
insulator transition in a pulsed laser-deposited V,03 thin film by means of local investigations of
current-voltage characteristics. A finite element method has confirmed that the diminution of ¢/a
ratio under this tip pressure explains the observed phase transition of the electron density of states

in the film.
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Vanadium sesquioxide (V203) has attracted the interest of researchers with its temperature—
pressure phase diagram that consists of paramagnetic metal, paramagnetic insulator, and
antiferromagnetic insulator phases, among which the switching can occur through temperature
change, application of pressure or doping with another metal.>* The pure V203, which is in the
metallic phase at room temperature, is converted to the insulating phase by Cr-doping, whereas the
insulating Cr-doped V203 can recover to the metallic phase under a certain hydrostatic pressure.>®
It has been clarified that the ¢/a ratio of corundum-structured V,0s3-family materials significantly
evolves through the phase transition. Two previous studies on the evolution of ¢/a ratio of (Cr-)V,03
as a function of Cr-doping level® and as a function of hydrostatic pressure® have revealed consistent
behaviours to each other: insulating and metallic phases are accompanied by specific ¢/a regions,
¢/a < 2.79 for insulator and ¢/a > 2.82 for metal, respectively. The discontinuous change of ¢/a over
a gap 2.79 < ¢/a < 2.82 during the insulator-metal or metal-insulator phase transition gives the
opportunity to induce such a transition in V203 by driving artificially its ¢/a to jump over this gap. It
allows considering V203 as a promising material for device application based on the strain
engineering. Therefore, Cr-doped V.03 has been listed among candidates for the piezoresistive layer
material inside piezoelectronic transistors, a perspective concept of strain-driven electronic
devices.”

In a previous work, we have prepared a set of heteroepitaxial V03 films on C-plane sapphire
[Al,03 (0001)] substrates with a wide range of c¢/a ratio, and clarified that their ¢/a ratio is closely
related to electrical properties.? Here, we note a previous experiment that application of hydrostatic
pressure to (Vo.96Cro.04)203 resulted in metallization accompanied by increase (decrease) of c-(a-)
axis length, thus increase of ¢/a ratio.! This suggests a picture that the c-oriented uniaxial pressure
may act as if it were a negative hydrostatic pressure. Nevertheless, no study so far has been
confirmed the metal-insulator transition in V203 by uniaxial pressure along any crystalline axis.
Under uniform uniaxial pressure up to 0.44 GPa along c-axis, a single-crystalline V203 sample still
showed metal-insulator transition during cooling at around 140 K, implying the retention of the
metallic phase at room temperature.®*°

The contact point at the apex of a tip is an effective medium to locally apply a huge pressure in
the order of gigapascal onto a solid surface without requiring strong force. Sakai has demonstrated
the local metallization of a VO film grown on a metallic substrate even in a primitive point contact
system with a contact area around ~10 um?2.** Domingo et al. have used a conductive atomic force
microscopy (C-AFM) with a tip radius ~150 nm to apply the pressure on an epitaxial Sr2IrO4 film and
have succeeded in reducing the resistivity by five orders of magnitude with a feeble tip force of
~10 pN, corresponding to a pressure of ~10 GPa. This local metallization in Sr2lrO4 was attributed to
a straightening of in-plane Ir-O—Ir bonding angles, as well as lattice contraction.*?

In the present study, we have applied an external local uniaxial stress on a V03 thin film using a
C-AFM in order to realize a reversible metal-insulator phase transition. On contrary to the SrzIrO4
film,*? c-axis orientation of the V.03 film is expected to allow reducing its ¢/a ratio and driving it
from metallic to insulating phase by the mean of tip pressure. For that, we have used a home-made
cantilever (prepared by focused ion beam (FIB)) having a large tip radius to reach a sub-gigapascal
pressure range. Results of electrical property measurements under various pressures clearly
indicate a pressure-induced conductivity changes from metallic to insulator states, allowing us to
evaluate the threshold pressure required for this transition.



A 82 nm thick V203 thin film was prepared on a 0.5 mm-thick single-crystalline C-plane sapphire
[Al,03 (0001)] substrate using pulsed laser deposition (PLD) in a vacuum chamber (¥1x10~7 mbar
base pressure). Growth details of the film and its crystallinity investigation by X-ray diffraction (XRD,
Bruker D8) are given in a supplementary material [Figure SM-1]. Resistivity of the V,0s3 thin film at
different temperature (10-300 K) without external pressure was measured by a four-probe method
(Quantum Design, PPMS). Morphology and electric properties of the film were investigated using
AFM (Omicron) under ultrahigh vacuum (<10 mbar) preventing the film from local anodic
oxidation.? Electronic properties of V203 film were characterized using C-AFM, by applying a bias
voltage to the tip while an edge of the film surface was grounded. Schematic representation of C-
AFM measurements causing a local stress on the V,0s3 thin film induced by the tip is presented in a
supplementary material [Figure SM-2(a)]. Local current-voltage characteristics and temporal
evolution of current (at a bias voltage of 0.5 V) were carried out under various pressures (0.25 to
0.4 GPa and vice-versa). To have an access to such a low pressure range with a stable sample-surface
interaction in contact mode (not accessible by standard cantilevers), a tip with a radius of 335 nm
was prepared by modifying a commercial cantilever (SisNs with platinum (Pt) coating, 0.05 N/m
spring constant and 45 nm initial tip radius) using FIB (Nova NanolLab 600, FEl) techniques: etching
and chemical vapour deposition of Pt.'# Details of the tip preparation and its working pressure range
are given in a supplementary material [Figure SM-2(b)]. To determine the tip pressure on the V;03
thin film, force-distance AFM spectroscopy were taken at different regulation setpoints (0.08 to 1.2
V and vice-versa). Tip forces were estimated without taking adhesion contribution into account.
Contact area at each regulation force was calculated assuming a spherical tip apex and using Hertz
model.*>*” Young's modulus and Poisson’s ratio of the FIB-modified tip were considered to be equal
to those of Pt: 168 GPa and 0.38, respectively.'® 150 GPa and 0.33 were adopted for V,03.1%20

The contact between the AFM tip and the V;0; layer has been simulated thanks to COMSOL
Multiphysics® FEA software, using the Acoustic Module and the MEMS Module, in order to
investigate the spatial distribution of the lattice strain on the z-x plane under applied force ramps
from 0 to 5.88 nN (0.291 GPa) by steps of 0.1 nN. The modelling criteria and assumptions are
explained in a supplementary material.

Figure 1(a) shows XRD reciprocal space map around the (1 0 -1 10) reflection spot allowing to
deduce lattice parameters of the film: a = 4.958 A and ¢ = 14.017 A, quite close to those of bulk
values (a0 =4.954 A, c = 14.008 A).2! The ¢/a ratio of this film is 2.827, which suggests that the sample
is in the metallic phase at room temperature [Figure 1(b)].2 An AFM topographic image is shown in
Figure 1(c). The roughness of the V103 thin film over 0.9x0.4 um? is found to be around 4 A [inset of
Figure 1(c)], confirming the crystalline quality and homogeneity of the grown film.

Local characteristics of current (/) as a function of bias voltage (V) were measured at different tip
pressures (P) from 0.25 to 0.4 GPa and vice-versa and plotted as average curves for all P with
standard deviation for each I-V point, shown as error bars [supplementary material, Figure SM-3(a)].
Averaged /-V characteristics have been re-plotted as current density (J) vs. bias voltage by dividing
the current by the tip-sample contact area in log-log scales [Figure 2(a)]. The electrical properties
of the V,0s film under the tip tend to be more insulating as P increases. This behavior is reproducible
and reversible as confirmed by the current temporal evolution over 23 min at a fixed position and a
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0.5 V bias voltage with tip pressures of 0.309, 0.326 and 0.343 GPa [Figure SM-3(b)]. As previously
suggested, such conductivity change can originate from the shrinkage of the c-parameter while the
a-parameter is stretched due to the perpendicular uniaxial pressure. As a result, the ¢/a ratio
decreases in contrast with the reported increasing ¢/a ratio with hydrostatic pressure in bulk
systems.! Therefore, whereas a Mott insulator can be driven into a metallic state by applying a
hydrostatic pressure, a correlated metal can be driven into a Mott insulator by a c-oriented uniaxial
pressure which acts in a way as a negative effective pressure increasing electronic correlations. This
highlights two main features very likely related to the Mott metal-insulator transition. First, it
appears that conducting properties are strongly suppressed by increasing pressure with a huge
decrease of J of nearly two decades of magnitude between 0.270 and 0.291 GPa. In addition, ohmic
(linear) and non-linear regimes are displayed by revealing a pressure dependent crossover voltage
(Vo). As previously demonstrated,® electrical conductivity is a relevant property in order to probe
the Mott metal-insulator transition. Here, by dividing the current density by the voltage within
ohmic regimes, the conductance (G) can be inferred and plotted in Figure 2(b) vs. pressure. The
strong decrease of G illustrates then the transition from the metallic state to the Mott insulating
state with a conductivity close to zero is due to the linear representation. Additionally, the vanishing
behavior of G allows locating the Mott transition between 0.270 and 0.291 GPa. The V,, is defined
as the threshold between ohmic and non-linear regimes [Figures 2(a) and 2(b)]. By increasing with
pressure, Vo reveals an opposite behavior to G emphasizing the Mott insulating state. Whereas
various mechanisms can be involved to explain such a non-linear crossovers, we note that the order
of magnitude of V., coincides quite well with the reported values of the Mott gap in Cr-doped
vanadates which lie typically between 0.1 and 0.3 eV.! Since one may expect an increase of current
if the applied voltage exceeds the energy gap, we suggest that the deduced V., could mimic the
behavior of the Mott gap. As a matter of fact, the decrease of V. as a function of decreasing
pressure could results from the lowering of electronic correlations that shorten the distance
between upper and lower Hubbard bands, namely the Mott gap.?? Besides, it is worth mentioning
that the rough linear variation of V¢, with decreasing pressure suggests a vanishing behavior for a
pressure around 0.25 GPa, significantly lower than the pressure range of the Mott transition
previously defined with conductance. So, from the metallic side, the abrupt decrease of the
conductance [inset of Figure 2(b)] results from the vanishing of the quasiparticle effective Fermi
energy which leads to localization of charge carriers at a pressure around 0.28 GPa. From the
insulating side, if one assumes a correspondence between the Mott gap and the crossover voltage
as previously discussed, the vanishing like behavior of V., in Figure 2(b) suggests a closure of the
gap around 0.25 GPa. The fact that the energy gap could close at a lower pressure than the one
associated with the vanishing of the characteristic metallic energy, implies a possible coexistence
regime between both metallic and insulating phases which could leads to hysteresis as expected for
such a first order transition. In addition, it means that when the metal is driven into the insulating
phase an energy gap is already finite at the transition and the conductivity decreases abruptly [inset
of Figure 2(b)]. These behaviors are key features of the Mott transition as expected in the frame of
the dynamical mean field theory of strongly correlated electrons systems.>* Therefore, both
conductance and crossover voltage pressure dependences strongly support the overall
interpretation of a Mott metal-insulator transition.



The pressure-induced insulation observed in the V203 sample is in contrast to the pressure-
induced metallization observed in Sralr04.'2 We suggest that the insulation is due to shrinkage
(expansion) of c-(a-) axis along the out-of-plane (in-plane) direction of V,03; with subsequent
changes of the lattice constants ratio ¢/a inducing modifications of electron density of states and
lattice degrees of freedom. It is caused by the fact that metallic phase corresponds to a “liquid”
phase with a large density of holes and double occupancies while the insulating phase corresponds
to a “gas” phase with a lower density of double occupancies and holes.???* In order to evaluate
whether the critical pressure for the metal-insulator transition of around 0.3 GPa is reasonable or
not, we have performed the finite element method (FEM) to obtain the ¢/a ratio distribution in the
V,03 layer under the tip [Figure 3]. Using the Poisson’s ratio of 0.33 for V,03, the simulation for a
tip force of 5.88 nN, that corresponds to a pressure of 0.291 GPa, revealed the strain distribution in
z and x directions [Figure 3(a, b)] allowing to determine c/a ratio diffusion as shown in Figure 3(c).
The contact area with the tip is totally covered by a strained region with ¢/a of 2.825 or less. If one
takes the cell parameters of (Vo.992Cro.008)203 in McWhan and Remeika’s work,* which give the lower
limit of ¢/a ratio for the metallic phase of around 2.825, this picture implies that the current flow
between the Pt tip and the metallic V.03 layer is interrupted by a non-metallic phase in V.03 at this
pressure, explaining the modification of /-V properties [Figure 1(b)]. Furthermore, we note
anisotropic deformations in this material, as seen in the negative thermal expansion coefficient
along c-axis® or in the larger compressibility of a-axis than c-axis under hydrostatic pressure.?> The
tendency is that ag-axis length evolves more drastically compared to c-axis when the volume of a
V,03 cell is modified and this seems to be related to the steep gradient of the (a, c) plot for the series
of V,0s3 films grown on C-plane Al,03 substrates.? If we assume that the V,03 material under the tip
is deformed in @ manner of this (a, c) scattering with such a gradient, which implies an exceptional
value of Poisson’s ratio as 1.2, the local ¢/a ratio would be further lowered [Figure 1(b)]. The
simulation at the same pressure assuming this Poisson’s ratio for V203 suggests that the local ¢/a
value could reach 2.813 [Figure 3(d)], below the lower limit of the metallic phase (2.818) taken from
the cell parameters evolution during the hydrostatic pressure-induced insulator-metal transition of
(Vo.972Cro.028)203, reported by Rodolakis et al.

It will be impotent to mention, that to fulfil the study of the Mott insulator transition in V203 thin
film other investigations as temperature dependence of conductivity in strained and in unstrained
thin film are required and will be conducted in the next future. We consider that an unusual stress-
strain relationship in V.03 plays a role of lowering the critical pressure for the metal-insulator
transition and is advantageous for physical properties modification using a feeble force in device
forms.

In summary, transition from metal to Mott insulator was observed in a V03 thin film at room
temperature by inducing a local stress under an AFM tip in contact mode. Usage of a cantilever with
a 0.05 N/m spring constant and a large 335 nm tip radius gives access to a low pressure range of
0.25-0.4 GPa to probe the initial metallic phase of the film. Subsequent increase of the pressure
above a threshold of ~0.29 GPa leads to the shrinkage (expansion) of c-(a-) axis that provokes a
change of the lattice constants ratio (¢/a) and consequently modifications of the electron density of
states and the lattice degrees of freedom, inducing a transition from metallic to insulator phase. If
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we consider a metal-insulator-metal structure in any piezoelectrically-driven switching devices,
adopting a point contact scheme as the top electrode and a material that shows stress-induced
metal-insulator transition, rather than insulator-metal one, would minimize the device power
consumption. Therefore, we believe that metal-insulator phase transitions in V,0s3 thin films under
the impact of local external stress open perspectives for piezotransistor applications.

See in supplementary material: (i) growth details of the V,03 thin film and its crystallinity
investigation by XRD; (ii) C-AFM measurement setup and details of tip preparation; (iii) criteria and
assumptions of FEM modelling; (iv) /-V characteristics and temporal evolution of the current in V,03
film under different tip pressure.
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Kazuchika Okura Memorial Foundation.
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FIG. 1. (a) XRD reciprocal space map around (1 0 -1 10) reflection of the C-plane Al,Os substrate and
the V03 thin film. The cross represents the expected position of (1 0 -1 10) reflection from bulk
V,0s. (b) Lattice constants (a, c) of the V,0s3 film, as well as those of bulk V20s. The ¢/a ratios
corresponding to the border for metallic and for insulating phases in the bulk, and the lines for
constant Poisson’s ratios of 0.33 and 1.2 are also shown. (c) AFM topographic image of the V,03 thin
film and in inset the roughness distribution with N the number of events.
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FIG. 2. (a) J vs. V characteristics under various P. Ohmic regimes are observed at P < 0.326 GPa (violet
arrow), while non-linear ones at P > 0.291 GPa (green arrow). Dashed lines show slopes of regimes.
Crossover points are indicated with black arrows. Metal-insulator transition is expected in a range
of 0.270—-0.291 GPa (grey area). (b) V203 film conductance normalized by the contact area (circle)
and crossover voltage (triangle) as functions of tip pressure. Shaded area indicates possible
coexistence region between metallic and insulating regimes. Inset shows conductance vs. pressure.
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FIG. 3. (a-d) Simulated local distribution in z-x plane of strain in z (a) and x (b) directions and c/a
ratio in the V.03 layer assuming a Poisson’s ratio for V203 of 0.33 (c) and 1.2 (d). Model of the FIB-
modified Pt tip and the V,0s layer for the FEM simulation in inset of (a), with C. a. the contact area.
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