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ABSTRACT
Vanadium sesquioxide (V2O3) exhibits a metal–insulator transition (MIT) at 160 K between a low temperature, monoclinic, antiferromag-
netic Mott insulator and a high temperature, rhombohedral, paramagnetic, metallic phase. In thin films, a percolative transition takes place
over a finite temperature range of phase coexistence. We study the fluctuating dynamics of this percolative MIT by measuring voltage noise
spectra at both low frequencies (up to 100 kHz) and radio frequencies (between 10 MHz and 1 GHz). Noise intensity quadratic in bias is
observed in the MIT region, as expected for resistive fluctuations probed nonperturbatively by the current. The low frequency noise resem-
bles flicker-type 1/f β noise, often taking on the form of Lorentzian noise dominated by a small number of fluctuators as the volume fraction of
the insulating phase dominates. Radio frequency noise intensity also quadratic in the bias current allows the identification of resistance fluctu-
ations with lifetimes below 1 ns, approaching timescales seen in non-equilibrium pump–probe studies of the transition. We find quantitative
consistency with a model for fluctuations in the percolative fraction. The thermodynamics of the MIT suggests that dominant fluctuations are
ones that alter small volumes affecting the connectivity of domain boundaries. This noise serves as a sensitive and nonperturbative probe for
the dynamics of switching phenomena in this system.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0023475., s

I. INTRODUCTION

The study of phase transitions remains at the core of physics.
Vanadium sesquioxide (V2O3), as an archetypal material with strong
electronic correlations, undergoes a rhombohedral paramagnetic
metal to monoclinic antiferromagnetic insulator transition when
cooled below 160 K, with films showing a temperature range of
phase coexistence of ∼30 K.1 The resistance increases by several
orders of magnitude with cooling as antiferromagnetic insulating
domains grow at the expense of paramagnetic metallic domains.
The metal–insulator transition (MIT) may be triggered by several
stimuli, such as temperature,2 light,3,4 strain,5 pressure,6 and electric
field.7 Ultrafast optical pump–probe methods have shown that the
non-equilibrium photo-induced phase transition can happen within

100 ps, while some experiments show that non-equilibrium phase
precursors appear during a photo-excited insulator-to-metal tran-
sition within 2.5 ps.9 The thermally driven dynamics in the equi-
librium phase and the mixed phase regime remain comparatively
unstudied. Increased interest in such metal–insulator materials for
neuromorphic computing applications10 has emphasized the impor-
tance of understanding fluctuations in the transition, both in and out
of equilibrium.

In inhomogeneous material systems with networks of conduct-
ing and insulating regions, resistance fluctuations have proven to be
a powerful tool for examining the transition between bulk metal-
licity and insulating response in the context of percolation.11–17

Resistive noise can also give insights into localization in nomi-
nally homogeneous materials close to the Anderson transition.18,19
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Low-frequency resistive noise measurements have been performed
in correlated materials with metal–insulator transitions, such as
La5/8−xPrxCa3/8MnO3,20 La2/3Ca1/3MnO3,21 and vanadium diox-
ide.22 Studies in the correlated materials have largely focused on the
percolative nature of the mixed-phase regime, with some insights
into how the frequency dependence of the resistive noise can arise
from correlations.23

The “flicker” voltage noise spectrum from resistance fluctua-
tions typically has a spectral density (mean square voltage fluctua-
tions per unit bandwidth) S(f ) ∼ 1/f β, where f is the frequency and β
is close to 1. For an ohmic device with resistance R, one can convert
interchangeably between voltage noise SV (f ) (V2/Hz) and current
noise SI(f ) = SV (f )/R2 (A2/Hz). This is the well-known 1/f noise
that has been found in almost all devices and materials.24–26 One
reason for the seeming ubiquity of the 1/f functional form for the
spectral density is that it can result from the added contributions of
individual fluctuators. An individual resistive fluctuator with a char-
acteristic lifetime 1/f c contributes25 a component to the noise with
a Lorentzian frequency dependence S(f ) ∝ fc/(f 2

c + f 2
). A linear

combination of several fluctuators of comparable amplitudes with
broadly distributed lifetimes results in a total S(f ) ∼ 1/f over the rel-
evant frequency range. Lorentzian deviations from S(f ) ∼ 1/f β are
observed when the noise response is dominated by one or more par-
ticular fluctuators.27 The intensity of 1/f noise can be characterized26

for comparison between different material systems via the normal-
ized voltage noise, (SV /(IR)2)vsf = α/n, where vs is the volume of
the sample, I is the bias current, R is the average sample resistance,
α is Hooge’s parameter,28 and n is a density of fluctuators, usually
assumed to be the carrier density.

Here, we report measurements of the intrinsic, thermally
driven resistance fluctuations in the mixed phase regime of the V2O3
metal–insulator transition via noise spectra measured under suffi-
ciently small, non-perturbative bias currents. We extend the fre-
quency range of noise measurements up to 1 GHz and find resis-
tive fluctuations (noise intensity quadratic in measurement current)
up to several hundred megahertz. This implies the existence of
nanosecond fluctuators, a timescale comparable to those found in
experiments probing the nonequilibrium metal–insulator transi-
tion.8 Lorentzian-like roll-offs are seen at the upper limit of our
frequency range, and particularly toward the insulating regime, indi-
cating that noise can be dominated by a small number of fluctuators.
The noise magnitude as a function of device resistance is consistent
with a 2D percolation model based on fluctuations in the percolating
fraction. However, the data imply that it is unlikely that fluctuation-
driven transitions of entire domains between metallic and insulat-
ing states are at work. In devices with the largest current density,
the dependence of the noise intensity with bias current becomes
superquadratic, implying that sufficiently large currents can perturb
the dynamics of the fluctuators.

II. EXPERIMENT
A. Device fabrication

V2O3 thin films 100 nm-thick were grown epitaxially on r-cut
sapphire substrates by RF magnetron sputtering deposition. Struc-
tural characterization of such films has been described extensively

elsewhere.29,30 For transport measurements, 70 nm thick Au elec-
trodes (6 nm V adhesion layer) were patterned by electron beam
lithography, electron beam evaporation, and liftoff. After lithogra-
phy and development, the exposed surface was cleaned by Ar plasma
(9 W) for 1 min before electrode deposition. The ratio of width to
height of each electrode gap is fixed to 1:4 for all device sizes, with
an example shown in Fig. 1(a). The large electrode bonding pads
are farther to the two sides, separated by around 3 mm. To avoid
possible inhomogeneities in composition and film degradation from

FIG. 1. (a) Optical microscope image of the 10 × 40 μm2 device. The
Au(70 nm)/V(7 nm) electrode are deposited on the surface of the V2O3 film, leav-
ing a narrow gap with width height ratio equals 0.25. (b) The simulation from
Comsol shows most of current (shown here in arbitrary units) is confined in the
small region between the gap when the film resistivity is in the range explored in
the present noise measurements. (c) Electrical circuit diagram of a low frequency
noise measurement setup. The filtered constant current flows through the device,
supplied by a programmable voltage source and current-limiting series resistors
(1 MΩ each). Bias tees (C = 1 nF, L = 12 μH) prevent high frequency noise from
the voltage source from reaching the sample. The voltage fluctuations across the
sample (shaded rectangle) are amplified by two chains of preamplifiers in parallel;
both amplifier chains are recorded by a high speed digitizer. The dashed line is the
Faraday cage to shield the environmental noise. (d) Electrical circuit diagram of a
high frequency noise measurement setup. Current bias is applied to the sample
(shaded rectangle) using a voltage source, a function generator, and a current-
limiting series resistor (20 kΩ). The high frequency signal and low frequency bias
current are separated by bias tees (C = 1 nF, L = 12 μH). Function generator and
lock-in amplifier combined to measure integral noise (225 MHz–580 MHz). High
frequency spectra are recorded by a spectrum analyzer when applying constant
current by a voltage source.
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the etching process, the films were left intact, with electrode design
and aspect ratio ensuring that the device conduction is limited by
the interelectrode region [Figs. 1(a) and 1(b)]. Four device geome-
tries (10 × 40 μm2, 20 × 80 μm2, 40 × 160 μm2, and 80 × 320 μm2)
were used such that two-terminal device resistances in the metallic
state were nearly identical for all devices, but with varying current
densities for the same applied bias. We note that the nearly identical
resistances and noise magnitudes across the device geometries imply
that the resistance and noise response are driven by the bulk of the
film, rather than by contact effects.

B. Low-frequency noise measurement
Figure 1(c) shows the electrical circuit diagram of the low fre-

quency experimental setup. A programmable voltage source (NI-
DAQ6521) was followed by multiple LC filters to drive a clean dc
current through two large current-limiting resistors (∼1 MΩ each).
The sample was mounted on a custom low frequency measurement
probe and inserted into a cryostat (Quantum Design PPMS) with
temperature stability better than 0.02% in the relevant tempera-
ture range. The measurement wirings are twisted pairs to reduce
magnetic field induced noise. The sample, LC filters, transmission
lines, and first pair of pre-amplifiers are shielded by a Faraday
cage to reduce environmental noise. The voltage noise generated
by the resistance fluctuations is collected by two separate ampli-
fier chains, each consisting of two preamplifiers (NF LI-75 and
Stanford Research SR-560). The two amplified signals are recorded
by a high-speed data acquisition device (Picoscope 4262). Each
time series containing 2 000 000 data points is taken with a sam-
pling rate of 10 MHz. Cross correlation of the two time series data
then reveals the voltage noise from the sample itself.31 Unavoid-
able parallel parasitic capacitance comes from the sample mount-
ing and cryostat wiring, leading to the capacitive suppression of
measured voltage noise at high frequencies. This capacitive filter-
ing can be calibrated and taken into account in analyzing the low
frequency spectra. More details are provided in the supplementary
material.

The thermal noise of different standard resistors was used to
calibrate the setup. The voltage noise intensity found from the cross
correlation can be expressed as SV = 4kBTR × A, where the first
factor is the Johnson–Nyquist voltage noise at the resistor R and
A is the product containing the squared amplifier gain and a coef-
ficient related to the cross-correlation parameters (the number of
data points of each time series, the sampling frequency, and the
windowing function used for the Fourier transform). The calibra-
tion procedure is discussed in greater detail in the supplementary
material.

C. High-frequency noise measurement
We used two approaches to measure noise power at radio

frequencies (RFs) [Fig. 1(d)], both requiring that the sample be
mounted on a second custom probe with coaxial wiring and a RF-
specialized sample carrier with integrated bias tee (1 nF capacitor
and 12 μH inductor). The calibration of these approaches accounts
for the RF response of the sample as terminating a transmission
line/amplifier chain. In the first approach, we use high frequency
amplification and a spectrum analyzer to record the frequency-
dependent noise spectral density (10 MHz–1 GHz) directly.

Effective bias tees allow the separation of current-biasing of the
sample and measurements of the RF power. The voltage source
(NI-DAQ6521) and current-limiting resistor provide a constant bias
current through the sample, and the unfiltered signal is amplified
by three RF power amplifiers (20 dB gain for each). The high fre-
quency spectrum is recorded by a spectrum analyzer (E4402B), and
each spectrum is averaged over 200 times. Greater details includ-
ing the calibration procedure are provided in the supplementary
material.

We also used a lock-in technique32,33 to measure the integrated
noise power from 225 MHz to 580 MHz. A square-wave bias (7.7 Hz)
between 0 V and the desired bias voltage level is generated by a
function generator (DS345) and applied to one side of the sam-
ple through a current-limiting resistor and LC circuit (to limit the
current and suppress any extrinsic high frequency noise from the
biasing setup, respectively). At the output port, the low frequency
current flows through the inductor and is recorded by the combina-
tion of current amplifier (SR 570) and lock-in amplifier (SR 7265).
The high frequency noise signal flows through the capacitor and is
filtered by a low pass filter (<580 MHz) and a high pass filter (>225
MHz). The filtered signal is amplified by three RF power amplifiers
(20 dB gain each) and detected by a power detector (Mini-Circuits
zx47-60LN-S+ 10 MHz–8000 MHz). The integrated RF noise inten-
sity is thus converted to a voltage signal and recorded by a lock-in
amplifier (SR7270) synchronous with the square wave. Analogous
to the low frequency approach, we used thermal noise of different
value resistors to calibrate the high frequency setup. The calibration
procedure details are in the supplementary material.

III. RESULTS
The DC conductivity of the V2O3 film devices was measured

by recording the resistance during the cooling and warming cycles,
using a source meter (Keithley 2400, 10 mV output). The temper-
ature was held fixed for 5 min every 0.5 K through the transition
to stabilize the device temperature. All devices responded similarly.
Figure 2(a) shows the resistance changes with temperature in the
cooling and warming cycles. In the cooling cycle, the antiferromag-
netic insulating domains start to appear around 160 K and gradually
replace the paramagnetic metallic domains. This transition happens
rapidly with temperature between 150 K and 130 K, causing the
resistance to increase by about four orders of magnitude. The resis-
tance continues to increase to almost 107

× larger than that of the
pure metallic phase when cooling down to 100 K. In the warming
cycle, the transition from the antiferromagnetic insulating domains
to the paramagnetic metallic domains is about 7 K higher than in
the cooling cycle, showing thermal hysteresis. Beyond this thermal
hysteresis that shifts R vs T, we found no apparent difference in
conduction and noise measured at a given resistance upon warming
and cooling. For consistency, the data presented below are all from
cooling runs.

At each temperature for which we measured noise, the current–
voltage (IV) characteristic is also recorded. At the low voltage bias
range, as shown in Fig. 2(b), the IV curve is almost linear (see the
inset for the log–log plot) and did not show any obvious hysteresis
(either from possible current-induced changes in domain configura-
tion or from heating coupled with thermal hysteresis), which ensures
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FIG. 2. (a) Resistance of a typical device
vs temperature on cooling and warming
cycles. (b) The IV curves in this small
bias range at different temperatures are
almost linear, as seen in the inset, which
shows the same data in a log–log plot. (c)
Typical spectra of low frequency noise
at 143.5 K at successive equally spaced
bias currents [indicated in (d)]. To distin-
guish spectra for different biases, each is
plotted using different high contrast col-
ors. The black line for comparison indi-
cates a slope of −1. The bias range is
from 0 μA to 5 μA. (d) Quadratic fitting of
noise intensity at 1 Hz. The noise inten-
sities and standard errors are from the
1/f noise fittings in (c). Each bias cor-
responds to one spectrum in (c). The
dependence is of the form y = ax2, where
x is in μA and a = 6.627 ± 0.075 × 10−21

(A2/Hz)/(μA2).

noise spectra without complications due to bias-driven changes in
thermal noise.

Figure 2(c) shows a T = 143.5 K typical low frequency noise
spectrum at equally stepped bias currents, corrected for the capaci-
tive roll-off and including the thermal noise background. The lowest
(flat) spectrum corresponds to the zero bias thermal noise back-
ground. A slope of −1, corresponding to pure 1/f dependence, is
indicated by the black line. Clearly, as bias is increased, a grow-
ing 1/f -like contribution to the total noise is apparent. [We note
that while temperature fluctuations couple to the device resistance,
variations in T(t) cannot produce the observed spectra, neither the
frequency dependence nor the current dependence. The thermal
mass of the sample stage rules out temperature fluctuations on kHz
and higher frequencies, and sample stage temperature control is
independent of sample biasing conditions.]

For initial analysis, we assume a 1/f form for the low frequency
noise to better highlight deviations from that form. The spectra are
fitted with the following formula:

SI(f ) =
SV(f )
R2 =

4kBT/R + S1/f /f

1 + (2πfRCP)
2 , (1)

where S1/f is corresponding to the 1/f noise at frequency = 1 Hz
at given current, R is the resistance of device, and SI(f ) = SV(f )

R2

is current noise. The term in the denominator accounts for para-
sitic capacitance CP in the wiring, as discussed in the supplemen-
tary material. The contribution to the noise from a small resistance

fluctuation δR≪ R should have the form

I + δI =
V

(R + δR)
=
V
R
−
V
R
×
δR
R

,

(δI)2
= (

V
R
)

2
(
δR
R
)

2

= I2
(
δR
R
)

2

. (2)

This implies that the current noise from resistance fluctuations
should be proportional to the square of the bias current, if the resis-
tance fluctuations are independent of the magnitude of the bias cur-
rent. The dependence of the inferred noise S1/f on bias is shown in
Fig. 2(d). The quadratic relation between noise and current confirms
that this low frequency noise contribution results from resistance
fluctuations.

We now consider how those resistance fluctuations manifest at
higher frequencies and at a different temperature, near the temper-
ature for which the noise is maximized and Lorentzian deviations
are seen from 1/f response. To compensate for different accessible
bias current ranges in the low- and high-frequency measurement
setups, we have used the observed quadratic dependence of noise
on bias in both measurements. The low frequency spectra have had
the zero bias thermal noise subtracted and are then scaled by a factor

(
Imax,high frequency

Imax,low frequency
)

2
to permit comparison. Figure 3(a) shows the exam-

ples of the high frequency noise spectra (also with the zero-bias
spectrum subtracted) at four equally stepped bias current values, on
the same axes as normalized low frequency spectra.
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FIG. 3. (a) Normalized low frequency and high frequency spectra of the same device at 141 K (resistance ≈ 24 kΩ) at four different bias currents, near the tempera-
ture of maximum noise. The low frequency noise was acquired at a maximum current of 4.94 μA, and the high frequency noise was acquired at a maximum current of
105 μA. The normalized low frequency noise has had the thermal noise background subtracted and is multiplied by a factor of (105/4.94)2 to scale for the quadratic current
dependence of the noise and the current difference between the low and high frequency measurement setups. The three dashed lines show the 1/f low frequency noise
and Lorentzian fits, one at low frequency and one at high frequency. The inset shows the highest bias spectrum of high frequency noise by itself for clarity. To distinguish
spectra for different biases, the spectrum at each bias is plotted using different high contrast colors. (b) The integrated high frequency noise measured by a power detector
(blue), a fit to a quadratic current dependence (red), and the expected integrated high frequency noise based on an extrapolation of the low frequency spectrum (green) at
the same temperature assuming a 1/f frequency dependence. The dependence is of the form y = ax2, where x is in μA and a = 3.998 ± 0.053 × 10−19 (A2)/(μA2). (c) For
each temperature, the integrated noise measured by a RF power detector with a lock-in amplifier and the expected integrated noise over the same bandwidth based on an
extrapolation of the low frequency noise assuming a 1/f frequency dependence. (d) For this same device, resistance R (decreasing blue curve, left axis) and normalized
derivative (dR/dT)/R (peaked red curve, right axis) as a function of temperature for a typical temperature cooldown. (e) The data of (c) plotted vs device resistance rather
than temperature. The power laws shown by dashed lines are guides for comparison. (f) The integrated noise vs device resistance for different size devices, with power laws
shown by dashed lines for comparison.

Two conclusions arise from these data. First, the high frequency
noise is comparable to or larger than that expected from a simple 1/f
extrapolation of the low frequency spectra. Second, from Fig. 3(a),
Lorentzian noise (shoulder-shaped deviations from 1/f dependence)
is observed in both the high frequency range and the low frequency
range, implying that individual fluctuators are strongly affecting

the total resistive fluctuations at this particular temperature where
the noise is close to maximal. A typical Lorentzian noise has the
form34

SL( f ) ∝
τ

(2πf τ)2 + 1
, (3)
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where τ is the effective lifetime of the fluctuator. According to
the fitting, the lifetime of the two dominant fluctuators shown in
Fig. 3(a) are around 176 μs and 0.35 ns, with standard errors of
fittings of low frequency and high frequency fluctuators 0.08 μs
and 0.013 ns, respectively. More details about Lorentzian noise fit-
ting and a discussion of the high frequency Lorentzian variability
are provided in the supplementary material. Different heating and
cooling cycles and different devices show different detailed fluc-
tuator times. Tracing detailed temperature evolution of individual
Lorentzian fluctuators is difficult, as these are most prevalent when
the device resistance is changing most rapidly with temperature.
Additional RF Lorentzian noise examples are shown in Fig. S7,
and the inferred effective lifetimes range from 1 ns to 0.2 ns. As
shown in Fig. S8, the Lorentzian deviations from 1/f -like low fre-
quency noise are most prevalent when the noise is near its maximum
value; this is consistent with percolation expectations as described
below.

We must check that the high frequency noise also results
from resistance fluctuations. The RF lock-in detection method
can increase the sensitivity at the cost of spectral information.
Figure 3(b) shows the measurement of integrated noise measured
at 141 K. The blue curve is measurement data, the red one is a
quadratic fit, again showing consistency with the noise intensity in
this frequency range being produced through resistive fluctuations.
The green curve is a calculation based on fitting the low frequency
noise to an expected 1/f dependence and extrapolating it to the RF
bandwidth probed in the lock-in measurement. We routinely find
that the measured RF signal is larger than the extrapolated expecta-
tion. This indicates the existence of more high frequency fluctuators
than would be expected from either the usual 1/f noise or Lorentzian
fluctuators at low frequencies.

Figure 3(c) shows the integrated noise and extrapolated low
frequency 1/f noise expectation as a function of temperature. As
shown in Fig. 3(d), the noise is maximized in the mixed phase regime
approximately where the resistance is changing most rapidly with
temperature, and much smaller (below our sensitivity to detect) in
the fully metallic state. This is qualitatively typical of what has been
seen in other mixed-phase metal–insulator transition systems.20–22

IV. DISCUSSION
Having clearly identified resistive noise at both low and high

frequencies, it is worth comparing to the resistive noise seen in other
material systems. The resistive noise, translated into voltage noise SV
via a bias current, is typically quantified by the Hooge relationship28

(SV /(IR)2)vsf = α/n. For reference, the values of α/n found in disor-
dered metals are 10−21 cm3–10−23 cm3 and 10−18 cm3–10−21 cm3 for
semiconductors.20,26 Surprisingly, in the mixed-phase regime of the
La5/8-xPrxCa3/8MnO3 MIT, α/n is as large as 10−10 cm3–10−7 cm3.
In the VO2 mixed phase regime,22 in contrast, α/n is around 10−22

cm3–10−24 cm3, comparable to the disordered metal cases. Here, we
find α/n is around 10−18 cm3–10−20 cm3, much larger than in VO2,
but comparable to observations in doped semiconductors. Further
interpretation is challenging without additional assumptions of a
microscopic model for the fluctuators, discussed below.

As mentioned, the metal–insulator transition mixed phase
regime is often considered as a percolation problem, with the onset

of metallicity corresponding to a percolating cluster of metallic
domains.20–23 Such clusters have been directly visualized in iden-
tically prepared V2O3 films using near field optical methods.1 To
compare with models of percolation, we examine the evolution of
the noise intensity across the coexistence temperature regime. The
maximum in noise occurring when the device resistance is most
rapidly changing with temperature [Figs. 3(c) and 3(d)] is consis-
tent with percolation. In scaling models of percolation,11,14,20,26 there
is a connection between percolation cluster size and resistive noise
such that SV /(I)2

∝ (p − pc)−k, where p is the percolating phase frac-
tion, pc is the critical concentration, and k is a critical exponent.
The peak in the noise intensity in Figs. 3(c) and 3(d) is consistent
with this idea, since the total resistance is varying most rapidly when
p ∼ pc.

To compare with different models of percolation, we can use
the fact that in percolation, the resistance should also scale critically
with p, with the resulting expectation that the normalized resis-
tance noise SV /(IR)2

∝ R−x, where x is another critical exponent.
Figure 3(e) shows that x is close to 1.5 (the solid lines are not fits and
are pure power laws for comparison only). In contrast, prior exper-
iments studying VO2 in the mixed phase regime showed x values
of ∼2.6 on both the insulating and metallic sides of the transition.22

Differences in the resistive noise of the MIT between VO2 and V2O3
are perhaps not surprising, given prior indications that the connec-
tions between structural and electronic transitions in the two oxides
differ.35,36

A value of x = 1.5 on both sides of the mixed phase regime
(metal-rich and insulator-rich) is quantitatively consistent with the
predictions of a particular percolation model, the so-called “p-noise”
in two dimensions.16 In this approach, which is derived for a generic
frequency dependence of the resistive noise SR(f ), the material is
modeled as a random network of resistors that have either a finite
value (corresponding to a region of the metallic state) or an infi-
nite resistance (corresponding to a region of the insulating state).
For the system to qualify as two-dimensional, the characteristic lat-
eral domain size should be comparable to or larger than the material
thickness. In this model, the noise results from fluctuations that
switch off or on connections between conducting regions (that is,
fluctuations in the conducting fraction p) rather than changes in
the resistance of the conducting regions themselves. An additional
assumption is that the temperature dependence of the fluctuations
in p is weak compared to the temperature dependence of the total
resistance itself.

These V2O3 films are good candidates for observing p-noise.
There is a four orders of magnitude or more contrast in the resistiv-
ity between the metallic and insulating domains. Nanoscale infra-red
near-field experiments1 in such films in the mixed phase regime
near the percolation threshold have shown lateral domain sizes on
the order of hundreds of nanometers, implying that the present
films comply with the model’s definition of 2D. The observation
of Lorentzian noise near the percolation threshold [Fig. 3(a) and
Fig. S8] is also consistent; p fluctuating between two values with the
system near the percolation threshold (e.g., an individual fluctuat-
ing region located at a key juncture in the percolating cluster) would
be expected to generate Lorentzian noise. The broadband measure-
ments that produced the data in Figs. 3(e) and 3(f) are essentially
averaging the frequency-dependent resistive noise over the high fre-
quency bandwidth. Since p-noise is derived for a generic frequency
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dependence, the power law relationship x would be expected to hold
for such an average.

In light of this experimental consistency with p-noise model
expectations, it is worth considering how the physics of the MIT
constrains possible fluctuation mechanisms. That is, what is actually
fluctuating to give changes in p? In thermal equilibrium at tem-
perature T, statistical mechanics in the canonical ensemble shows
that the mean square energy content fluctuations of a volume v
are given by (δE)2 = (Cvv)kBT2, where Cv is the specific heat per
unit volume. If the resistance fluctuations result from some ther-
mally fluctuating volume v being fully converted between metal-
lic and insulating structural phases that would require δE ∼ Lv,
where L is the latent heat per unit volume, 65 J/cm3.37 Rearranging,
v ∼ (Cv/L2)kBT2. Assuming that the lattice specific heat dominates
(∼3.2 J/K cm3 38) and T = 150 K gives a typical volume scale of
240 Å3, comparable in volume to a single unit cell. This and the
hysteretic nature of first-order transitions imply that it is unlikely
that the resistance fluctuations involve complete switching of metal-
lic or insulating domains. The thermal energy available in a typical
fluctuation should only be sufficient to shift phase boundaries by a
couple of lattice spacings. From nanooptical characterization of per-
colation in this system,1 with comparatively large (hundreds of nm
in lateral extent) domains, it is unclear whether such small charac-
teristic distances would be able to alter the connectivity of the con-
ducting network sufficiently to explain the relevance of the p-noise
model and the measured noise intensity. The relevant fluctuations
would have to be at domain boundaries, altering the connectivity
of the metallic domain network. As noted above, the appearance of
Lorentzian noise in the measurements, particularly near the max-
imum in noise amplitude at the percolation threshold [Fig. 3(a)
and Fig. S8], does suggest that small numbers of fluctuators can
have a strong influence on the connectivity of the network as a
whole.

More speculatively, rather than complete structural transitions
of volumes between the metallic and insulating phases, an alter-
native possible source of resistive fluctuations and changes in the
connectivity of conducting regions could be scattering of carriers
by fluctuating antiferromagnetism, as the system sits at the bound-
ary between the paramagnetic metal and the AFM insulator. AFM
fluctuations have been observed in the metallic state of V2O3,39 and
recently signatures of such fluctuations were also observed in the
insulating state40 and have also been linked to transport proper-
ties through magnetoresistance measurements.41 Slow fluctuations
of AFM domains42 lead to 1/f noise in metallic Cr around and below
the bulk Neel temperature.43 The detection of resistive fluctuations
up to the short timescales accessed in the present experiments fur-
ther constrain possible fluctuation mechanisms to those compatible
with such rapid dynamics.

We also compare the noise intensity for different size devices;
the results are shown in Fig. 3(f). For larger devices, the noise due to
resistive fluctuations is smaller, presumably due to ensemble averag-
ing over the larger device area. In the smallest devices in which the
current densities and electric fields are largest, the lock-in measure-
ment of integrated high frequency noise shows pronounced devia-
tions from a quadratic dependence of the noise intensity with bias
current [Figs. S4(a) and S4(b)]. The measured noise shows insta-
bilities at high biases (not readily apparent in the current–voltage
characteristic itself) and tends toward a superquadratic dependence

on current. These traits indicate that at the high current/field limit,
the current itself is no longer serving as a nonperturbative probe
of resistance fluctuations but instead is driving domain dynamics,
including those at hundreds of MHz.

V. SUMMARY
We measured resistance noise in V2O3 films at both low fre-

quency and radio frequency ranges across the mixed-phase range
of the metal–insulator transition. The variation of the noise with
the total resistance across the transition is quantitatively consistent
with a p-noise model of 2D percolation in which the noise arises
from temporal fluctuations in the percolating fraction of the con-
ducting medium. Lorentzian noise was observed, particularly near
the temperature when noise was maximized, in both low frequency
and radio frequency ranges. This Lorentzian noise shows the impor-
tance of individual fluctuators when the metallic domains are near
the percolation threshold. The inferred lifetime of fast fluctuators
varies from 1 ns to 0.2 ns, approaching the timescale associated
with the photo-induced insulator-to-metal transition.9 The thermo-
dynamics of the MIT suggests that fluctuations of entire domains
between the equilibrium metallic and insulating structural phases
are unlikely to be the source of the resistive noise; rather, fluctua-
tions of volumes that alter connectivity at domain boundaries oper-
ate. These noise results call for further examination of the electronic
and magnetic dynamics in the mixed phase regime at the nanoscale
and high frequency scales. Noise of the kind presented here may
serve as a sensitive and nonperturbative probe for the dynamics
of switching phenomena in this system, providing complimentary
information, which cannot be obtained by perturbative pump–probe
experiments. Understanding these intrinsic fluctuation dynamics in
this and related systems is of fundamental interest and necessary for
neuromorphic applications of metal–insulator transitions.7,44

SUPPLEMENTARY MATERIAL

See the supplementary material for calibration procedures of
both low and high frequency measurements, comparison with data
from other device sizes, and further discussion of the Lorentzian
features.
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