ABSTRACT

Percolation and nanosecond fluctuators in V2O3 films
within the metal-insulator transition
by

Liyang Chen
Vanadium sesquioxide (V2O3) exhibits a first-order metal-insulator transition (MIT) at
160 K between a low temperature, monoclinic, antiferromagnetic Mott insulator and a high
temperature, rhombohedral, paramagnetic, metallic phase. In thin films, due to strain, the
transition takes place over a finite temperature range of phase coexistence. Resistive noise
measured through electronic transport is a probe of percolation and the fluctuating
dynamics of the two-phase domain structure. We measure voltage noise spectra at both
low frequencies (up to 100 kHz) and radio frequencies (between 10 MHz and 1 GHz). At
low current densities the voltage noise intensity is quadratic in bias current, as expected for
resistive fluctuations probed nonperturbatively by the current. The low frequency noise
generally resembles flicker-type 1/𝑓 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 that is quadratic in the bias current allows
identification of resistance fluctuations with lifetimes below 1 ns, approaching timescales
seen in non-equilibrium pump-probe studies of the transition. Noise at higher current
densities show non-quadratic bias dependence, implying current-driven changes to the
domain dynamics. We find quantitative consistency with a model for fluctuations in the
percolative fraction, though thermodynamic analysis implies that switching of domains

between metal and insulator phases can only happen on spatial scales comparable to a unit
cell.
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Chapter 1

Electronic noise

Electronic noise is the random fluctuations of the voltage or the current through an
electrical device. The most common types of noise are thermal noise, shot noise, 1/f noise
(also known as flicker noise). In this section, I focus on thermal noise and 1/f noise.

1.1. Thermal noise
Thermal noise is also called Johnson–Nyquist noise. It was discovered by John B.
Johnson in 1928 [1], and H. Nyquist performed the theoretical derivation of Johnson noise
at the same time [2]. Classically it comes from the random movement of electrons in an
electrical device because of their Brownian motion. H. Nyquist calculated the thermal noise
by means of thermodynamics and statistical mechanics. Here I briefly introduce how H.
Nyquist did the derivation. Consider a circuit (Figure 1.1) made up with two identical
resistors 𝑅 and 𝑅 with resistance 𝑅 at same temperature 𝑇, and they are connected with
non-dissipative wires of length 𝑙 with characteristic impedance 𝑅. Let the speed of energy
1

2
propagation be 𝑣 . When the system enters thermal equilibrium state, the energy
transmission from 𝑅 to 𝑅 must be equal to the energy transmission from 𝑅 to 𝑅 . If we
isolate the line from the resistors after the thermal equilibrium established, there would be
complete energy reflection at the two ends and the energy would be trapped in the line.
Now, we can describe the line as a one-dimensional cavity. The frequency of each resonant
mode is 𝑛𝑣/2𝑙, where 𝑛 is any integer greater than zero, and by classical equipartition each
mode contains average energy 𝑘 𝑇, where 𝑘 is Boltzmann’s constant. So the total energy
within frequency interval 𝑑𝑓 is 2𝑙𝑘 𝑇𝑑𝑓/𝑣. This stored energy is the energy transmission
happening in time period 𝑙/𝑣 and contains the contributions from both from 𝑅 to 𝑅 and
𝑅 to 𝑅 .So the power transferred from one resistor to another within frequency interval
𝑑𝑓 is 𝑘 𝑇𝑑𝑓. If we model that this power comes from a voltage source along with the
resistor, we find
𝑆 𝑑𝑓 = 4𝑘 𝑇𝑅𝑑𝑓 or 𝑆 = 4𝑘 𝑇𝑅
where 𝑆 (𝑓 ) voltage noise power density (V2/Hz). This is the common equation of thermal
noise in the voltage form, it also can be expressed in current form as 𝑆 = 4𝑘 𝑇/𝑅. One
important feature is the thermal noise intensity is frequency independent. It is a white noise
with constant value through the frequency domain, in the classical limit.
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Figure 1-1 [2]: Diagram of two resistors transfering thermal energy through transmission
line of length 𝑙.

The equation above is calculated based on the classical equipartition result that each
freedom has energy 𝑘 𝑇. If we consider the proper quantum canonical distribution, the
average energy of each mode would be

/

[2], and the thermal noise expression

would be

𝑆 (𝑓) =

4ℎ𝑓𝑅
𝑒 /
−1

where ℎ is Plank’s constant. When ℎ𝑓/𝑘 𝑇 is much smaller than 1, which is true
in this thesis, the formula above reduces to the classical result, 𝑆 (𝑓) = 4𝑘 𝑇𝑅. For a
sense of scale, T = 1 K corresponds to a frequency crossover of approximately 20 GHz,
above which deviations from white noise would be expected.
The equivalent circuit diagram of a resistor with thermal noise is shown in Figure
1.2. 𝑅 is a stable resistor without resistance fluctuation. This system can be modeled as an
equivalent stable constant resistor 𝑅 in series with a voltage noise source 𝑉
constant resistor 𝑅 in parallel with a current noise source 𝐼

or a stable

.

Figure 1-2: Diagram of equivalent electrical circuits of thermal noise of a stable resistor.
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1.2. 1/f noise
1/f noise or flicker noise is observed in almost all devices and materials [3–5]. Its
noise spectrum from resistance fluctuations typically has a spectral density (mean square
voltage fluctuations per unit bandwidth) 𝑆(𝑓) ~ 1/𝑓 , where 𝑓 is the frequency and α is
close to 1. Figure 1.3 shows a typical 1/f noise. In log scale and the low frequency side,
the noise intensity vs frequency has a slope of -1, and the spectrum become flat at higher
frequency because of thermal noise.

Figure 1-3 [6]: Typical 1/f noise spectrum with thermal noise. Circles are original
spectrum, solid line indicates the slope equals -1, dashed line stands for thermal noise
background, and squares are the pure 1/f noise through removing the thermal noise.
Although 1/f noise shows almost same shape in a lot of different systems, people have long
tried to find a general model to explain its origin. There are two well-known models for
now, one is raised by Hooge in 1969 [7], the other is proposed by McWhorter in 1957 [8].
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Hooge proposed a model with empirical formula for homogeneous semiconductors or
metals [7,9]
𝑆
𝛼
=
𝑅
𝑓𝑁
Where 𝑆 is the spectral power density of the resistance (2/Hz), 𝑅 is the resistance, 𝑓 is
the frequency, 𝑁 is the total number of free electrons, and 𝛼 is an empirical dimensionless
constant. He suggested that the 1/f noise comes from the fluctuation of mobility of each
free electron, and this mobility fluctuation mainly comes from the interaction of electrons
and the lattice. In 1981 [3], Hooge extended his formula to explain the 1/f noise in
MOSFET. Although majority of results of 1/f noise measurements can be described by this
empirical relation, his formula can not be the ultimate answer because of some
imperfection. For example, the integration of spectral from zero to infinity would diverge
if the spectral always follows the form 𝑆(𝑓) ~ 1/𝑓, and there is no generally accepted
theory so far for the Hooge formula.
The McWhorter model is also known as the number fluctuation model. It suggested that
the 1/f noise is caused by the trapping and detrapping of carriers. More generally, people
extended the mechanism to multiple two-level states. The switching of resistance between
two discrete states would cause Lorentzian noise of the form

𝑆 (𝑓) ∝

Where 𝜏 is effective lifetime

=

+

𝜏
(2𝜋𝑓) + (1/𝜏)
, 𝜏 and 𝜏 are the lifetimes for the system to

switch from one state to another. To produce a 1/f frequency dependence, the system should
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have a large number of two-level fluctuators of different characteristic lifetimes. Suppose
the density function of 𝜏 is 𝐷(𝜏), then

𝑆(𝑓) ∝

𝐷(𝜏)𝜏
𝑑𝜏
(2𝜋𝑓) + (1/𝜏)

When 𝐷(𝜏) has the form 1/𝜏 , the noise spectrum will have 1/f shape. For example,
consider the an electron hopping between two different trap states. If the switching process
is simple quantum tunneling, the tunnel rate will have form
1 1
∝ e
𝜏 𝜏

/

where 𝑙 is the distance between localized traps, and 𝜏 and 𝑙 are two constants. Under the
assumption that the distribution of distances is uniform, in other words 𝐷(𝑙) is constant,
we can get 𝐷(𝜏) ∝ 1/𝜏 and 𝑆(𝑓 ) ∝ 1/𝑓.
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Chapter 2

V2O3 Metal-insulator transition

2.1. Mott insulators
In 1937, researchers, such as de Boer and Verwey, found that some metal oxides
which are supposed to be metallic based on the band theory are actually insulators [10,11].
For example, NiO, which should be a metal because of a partially filled d-band according
to band theory, actually turns into an insulator as temperature goes down. Sir Neville Mott
among others considered the problem of how electron-electron interactions could lead to
insulating properties in systems where simple electron counting would suggest a metallic
state (electronic chemical potential in the middle of a band). Still taking NiO as an example,
Mott claimed that electric conduction comes from the hopping of electron from one site to
another. When an electron about to hop to a new site which is already occupied by an
electron, it will be pushed back by the Coulomb repulsion energy U. If the repulsion energy
U is greater than the electron’s kinetic energy 𝑡, the electron would not be able to hop to
another site and would become localized in its original site, so the system will behave like
an insulator.
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In 1963 [12], Hubbard first proposed a simple model considering the Coulomb
repulsion and hopping matrix element in a 1-D long chain. The Hamiltonian can be
expressed as

𝐻=−

𝑡

𝑐 𝑐

+𝑐 𝑐

+

𝑈𝑛 𝑛,

, ,

Where 𝐻 is Hamiltonian, 𝑡 is hopping matrix element, 𝑐
electron in site 𝑗 with spin 𝜎, 𝑐

is the creation operator of one

is the annihilation operator of one electron in site 𝑗 with

spin 𝜎 , 𝑈 is Coulomb repulsion energy and 𝑛

=𝑐 𝑐

is the number operator on

electron at site 𝑗. Figure 2.1 shows the diagram shows the 1-D chain diagram.

Figure 2-1: Diagram of electron hopping and repulsion from electron Coulomb
interaction. When the electron kinetic energy is smaller than repulsion energy, the
electron will be localized.

When the Coulomb repulsion energy is much larger than electron hopping matrix
element, the electron interaction will effectively split the original half-filled band into two

9
bands. One is called upper Hubbard band and the other is called lower Hubbard band. The
typical Mott-insulator Hubbard band structure is show in Figure 2.2. The left side is the
band structure of metal phase, where the d-band is half-filled, and there is energy gap ∆=
|ε − ε | between d-band and p-band. When the system goes through the Mott metalinsulator phase transition, the d-band is split into two bands and separated by a charge gap
because of the electron-electron repulsion energy U.

Figure 2-2 [13]: Typical Mott-insulator band structure.

As electron-electron on-site

interactions are “turned on”, the system goes through a metal-insulator phase transition;
the d-band is split into two bands separated by a charge gap because of the electron-electron
repulsion energy U.
From the band structure shown above, we could find two ways to tune the metalinsulator transition. The first one is to increase the bandwidth of electron band. When the
bandwidth is larger than the charge gap caused by electron interaction, the lower Hubbard
band and upper Hubbard will overlap and form a single band with the Fermi energy lying
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in the middle, and the system will become metallic. One of the methods to increase the
bandwidth is to increase the overlap of electron wave function overlapping by compressing
the material. The second method is to dope electron (or hole). Doping can change the
positon of fermi surface, and it longer stay at the middle of upper Hubbard band and lower
Hubbard band shown in the Figure 2.2, the resulting partial-filled upper band (electron
doping) or lower band (hold doping) will turn the system into metallic state.

2.2. V2O3 phase transition
Metal-insulator transition in metal oxides remains at the core of physics and draws
attention in past decades [14–18]. The emerging technologies such memories and
neuromorphic computing [19] relies on the understanding of the fundamental mechanism
of this phase transition. Vanadium sesquioxide (V2O3), as an archetypal material with
strong electronic correlations, undergoes a rhombohedral paramagnetic metal to
monoclinic antiferromagnetic insulator transition [20] when cooled below 160 K, with
films showing a range of phase coexistence of ~30 K [21]. The resistance can increase by
several orders of magnitude with cooling as antiferromagnetic insulating domains grow at
the expense of paramagnetic metallic domains. The metal-insulator transition may be
triggered by several stimuli: temperature [22], light [23,24], strain [25], pressure [25], and
electric field [26]. Increased interest in such metal-insulator materials for neuromorphic
computing [19] applications has emphasized the importance of understanding fluctuations
in the transition both in and out of equilibrium. The structures of these two phases are
shown in Figure 2.3. Each corner represents a vanadium atom, other vanadium and oxygen
inside are omitted.
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Figure 2-3 [27]: The monoclinic insulating and rhombohedral metallic structures.

2.3. Percolation theory
Percolation theory is actually based on statistics and probability theory. It studies a
network formed from a collection of points distributed in a space, where the points are
randomly linked to each other, or the points’ positions are randomly located, to form
different linked clusters. The situation of points with fixed positions and random linkages
is called “bond percolation”; the other situation where the points are randomly positioned
and the linkage between each points follow a certain rule is called “site percolation”. One
of the earliest percolation problems was raised by Broadbent and Hammersley [28] who
consider random linkage edges between vertices, where any pairs of vertices are linked
with probability 𝑝.
When considering the size of cluster in a percolation model, there is usually a
percolation critical point (or percolation threshold). When the system goes beyond this
critical point as a function of some control parameter (such as p), there is likely some giant
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cluster that spans the system; otherwise, it is statistically unlikely for the system to have a
large cluster. The critical value of p required for percolation is dependent on the details of
the model. For example, take the vertical percolation in a 2-D square lattice as an example.
If each square has probability 𝑝 to be a conductor, and probability 1 − 𝑝 to be an insulator,
when the 𝑝 > 𝑝 ≈ 0.529, it is very probable (essentially certain as system size becomes
large) to find a conductive path from one side of the lattice to the other. On the other hand,
if 𝑝 < 𝑝 , it is very unlikely (essentially no chance as system size becomes large) to find a
conductive path from one side of the lattice to the other. So, when 𝑝 > 𝑝 the system is
metal, and when 𝑝 < 𝑝 , the system is insulator. Unfortunately, there is still no exact
analytical answer for this threshold, and this number is obtained by Monte Carlo
simulation.
Percolation models are important in the real physics systems. For example, in
2015 [29], researchers studied the noise signal in VO2 across its metal-insulator phase
transition. In the coexistence regime of that phase transition, as in V2O3, the material breaks
up into metallic and insulating domains. The metal-insulator transition can be regarded as
proceeding through the change of fraction of each domain. So the resistance changes in
similar way mentioned above. Although the system is not a simple percolation model
because the metal (insulator) domain tends to grow along the crystallographic c-axes,
people still observed percolative character in metal-insulator transition of VO2. In classical
lattice-percolation with a periodic lattice, when the system is sufficiently close to the
percolation threshold, researchers claim there is scaling [30–32]
𝑆
∝𝑅
𝑅
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where

is normalized noise intensity, and 𝑥 is noise scaling exponent related to the details

of percolation model. People in VO2 found this scaling effect (Figure 2.4) with 𝑥 ≈ 2.6,
and it is explained by Pennetta–Trefan–Reggiani theory [33], which considers randomly
switching defects in the lattice. Supposing a given lattice site has a failure probability to
malfunction and becomes a defect and a healing probability for the defect to recover its
original lattice resistance.

Figure 2-4 [29]: Normalized noise intensity versus sample resistance in log-log scale. It
shows percolation noise scaling exponent around 2.6 at two side of threshold.
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In scaling models of percolation, the resistance noise not only may come from
the fluctuation of resistance of each region, but also may come from the fluctuation of
volume of each fraction. In 1993, L.B. Kiss and P. Svedlindh [34] raise a model to
explain why the noise scaling factor in high temperature superconductor film is close
to 1.5 rather than the predicted 1.3 by classic percolation model. In this model, the
noise results from fluctuations that switch off or on connections between conducting
regions rather than changes in the resistance of the conducting regions themselves.
The value of noise scaling factor is related to the resistance scaling factor 𝑠 by 𝑥 =
2/𝑠. The relation can be expressed as [34]

𝑅 ∝ (𝑝 − 𝑝 ) ,

𝑆
∝𝑅 ,
𝑅

𝑥 = 2/𝑠

Where 𝑝 is the fraction of insulating part and 𝑝 is the threshold. The noise in this model
comes from the random switch of metal state and insulator state of each region, and people
call this type noise “p-noise”. In this case, the noise scaling factor is related to the
dimension of system. 𝑥 is predicted to be 2.7 for 3D, 1.5 for 2D and 2 for 1D.
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Chapter 3

Experiment setup

3.1. Low frequency noise measurement
3.1.1. Low frequency noise measurement setup
To mitigate the input noise of the voltage amplifiers used in the measurement, we used
two independent amplifier chains to measure the low frequency (below 100 kHz) voltage
noise under a known dc current bias. Amplifier noise for the two chains is nominally
uncorrelated, while voltage fluctuations across the sample will be detected by both chains.
Cross-correlation of the amplifier outputs then reveals the noise from the sample itself [35].
Figure 1C shows the electrical circuit diagram of the 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
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(Quantum Design PPMS). The noise measurement is very sensitive to environmental
influence, so the whole probe is isolated from PPMS’s ground. The measurement wiring
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 amplifier 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 sampling rate of 10 MHz. The cross-correlated noise spectral density
is calculated based on the two separate time series (𝑥 and 𝑦 ) from each amplifier chain,
averaged over 200 times:

𝑆 (𝑓) =

E[𝑥 𝑦

]𝑒

where E[ ] is expectation value. Unavoidable parallel parasitic capacitance comes from the
sample mounting and cryostat wiring, leading to the capacitive suppression of measured
voltage noise at high frequencies. The measured noise spectral density can be expressed
as:
𝑆 (𝑓 ) =

4𝑘 𝑇𝑅 + 𝑆 ,
×𝐺
1 + (2𝜋𝑓𝑅𝐶 )

where R is the differential resistance of the sample at the applied bias current, 4𝑘 𝑇𝑅
is the Johnson-Nyquist thermal voltage noise, 𝑆

,

is the voltage noise from resistance
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fluctuations, 𝐶 is parasitic capacitance, and 𝐺 is the total power gain (2,000 × 2000). Data
are consistent with a constant 𝐶 (~320pF).

Figure 3-1: Electrical circuit diagram of 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 M Ω each). Bias tees (C=1nF, 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 environment noise.
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3.1.2. Low frequency noise measurement setup calibration
The room temperature thermal noise of a variety of resistors was used to calibrate
the setup. The voltage noise power spectral density found from the cross-correlation can
be expressed as

𝑆 (𝑓) =

4𝑘 𝑇𝑅
×𝐴
1 + (2𝜋𝑓𝑅 𝐶 )

where 4𝑘 𝑇𝑅 is the Johnson-Nyquist voltage noise at the resistor Rs, 1/(1 +
(2𝜋𝑓𝑅 𝐶 ) ) is the decay coefficient because of parasitic capacitance, 𝐴 is a coefficient
containing the squared amplifier gain and a numerical factor related to the cross-correlation
parameters (number of data points of each time series, the sampling frequency and the
Hanning window for the Fourier transform).
The thermal noise spectra for different resistors are shown in Figure 3.2.a. The
lowest spectrum is corresponding to 15 Ω thermal noise, and highest one is 10 kΩ. The
noise peaks at 60 Hz, 120 Hz, 180 Hz and higher harmonics result from pick-up of
environmental noise. Despite strong efforts to optimize measurement grounding, these
peaks are related to AC electrical power and are very hard to totally suppress even by the
cross-correlation method. The decay of SV at high frequencies results from effective lowpass filtering due to parasitic capacitance and the differential resistance of the device. As
expected from the expression 1/(1 + (2𝜋𝑓𝑅 𝐶 ) ), the noise of larger resistance devices
decays more rapidly with increasing frequency. Each spectrum is fitted with the formula:
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𝑆

,

(𝑓 ) =

𝑆
×𝐴
1 + (2𝜋𝑓𝑅 𝐶 )

The fitting curves are shown by narrow colorful curves.

A robust fitting

technique [36,37] was applied to reduce the impact of environment pick up peaks on the
fitting results.
In Figure 3.2.b, we plotted the fitting results 𝑆 × 𝐴 versus 𝑅 . A linear regression
finds the relation between noise intensity and resistance:
𝑆 × 𝐴 = 5.14

× 𝑅 + 1.129

The intercept means the system has around 2 Ω room temperature (T  297K)
thermal noise background, and this is much smaller than the noise intensity we measured.
The linear fitting is shown by the red line in Figure 3.2.b. The fitting matched very well
with experiments, showing that the zero-bias noise intensity is strictly linearly proportional
to the resistance, as expected for Johnson-Nyquist thermal noise. The fitting is shown in
log scale to see all data clearly. From the formula above, we find the value of 𝐴 =
3.14 × 10 . From our definition, A is dimensionless.

.

=
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Figure 3-2: (a) Low frequency thermal noise spectra for different resistors at room
temperature. Resistance varies from 15 Ω to 10 kΩ. A robust fitting procedure is applied to
reduce the influence of unintended environmental pick up of discrete narrow-band signals.
(b) Noise intensity versus resistances value. Linear fitting between the noise intensity and
resistance is shown by the red line.

3.2. High frequency noise measurement
3.2.1. High frequency noise measurement setup
We used two approaches to measure noise power at radio frequencies(Figure 3.3),, 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 (1nF capacitor and 12 μH inductor).
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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 sample, and the unfiltered signal is amplified by three RF
power amplifiers (20dB gain for each). The high frequency spectrum is recorded by a
spectrum analyzer(E4402B) and each spectrum is averaged over 200 times. It is necessary
to account for the frequency-dependent background noise power (originating from noise
on the input stage of the first RF amplifier and waveguide modes due to impedance
mismatch between the sample and the 50 Ω RF system). To do this, the extra noise
spectrum due to the applied bias current (the data of interest) is obtained by subtracting the
zero-bias spectrum from each particular spectrum.
We also used a lock-in technique [38,39] to measure the integrated noise power from
225 MHz to 580MHz. A square-wave bias (7.7 Hz) between 0V and the desired bias
voltage level is generated by a function generator (DS345) and applied to one side of the
sample 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 combination
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 high
pass filter (>225 MHz). The filtered signal is amplified by three RF power amplifiers (20dB
for each) and detected by a power detector (Mini-Circuits zx47-60LN-S+ 10-8000MHz).
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The integrated RF noise intensity 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. Because of the huge range of sample
resistance change during the transition temperature, the impedance mismatch is
unavoidable for our measurement. The dominant contribution to the sample impedance
appears to be the resistance. We used the thermal Johnson-Nyquist noise of different value
resistors to calibrate the RF setup detection efficiency as a function of sample resistance.
The total collected power can be expressed as:
𝑃=

4𝑘 𝑇
𝑍𝑅
×
×𝐴+𝑆
𝑅
(𝑅 + 𝑍)

where 𝑃 is the total detected power; 4𝑘 𝑇/𝑅 is thermal Johnson-Nyquist current
noise intensity, 𝑅 is the resistance for each resistor used to do the calibration, 𝑍 (50 Ω) is
the impedance of transmission line, power amplifier and power detector. 𝐴 is the product
of bandwidth and gain, which is independent of sample resistance. 𝑆 is the measurement
system background noise power.
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Figure 3-3: Electrical circuit diagram of high frequency noise measurement setup. Current
bias is applied to the sample (shaded rectangle) using a voltage source and function
generator and a current-limiting series resistor (20k Ω). 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 to 580 MHz). High
frequency spectra are recorded by spectrum analyzer when applying constant current by
voltage source.
3.2.2. High frequency noise measurement setup calibration
One key difficulty for the high frequency noise measurement is the impedance
mismatch problem between the device of interest and the 50 Ω RF measurement
electronics. When RF power is transferred to one end of a coaxial cable, the signal would
be reflected back if the terminating impedance is different than the effective impedance of
coaxial cable. The reflection of the signal is related to the signal frequency. The reflected
signal will interfere with the original to make frequency-dependent standing wave
resonances in the system. In many standard RF circuits, all the components, such as the
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transmission lines and input/output impedances of filters and amplifiers, are designed to a
characteristic impedance of 50 Ω, to minimize reflections and standing waves as well as
free-space radiation. However, the resistances of our devices can vary over several orders
of magnitude across the metal-insulator transition, altering the RF pick up efficiency. For
loads well over 50 Ω, one approach is to use LC circuits to transform or match the
impedance to measurement electronics, but it is difficult for such a network to work for a
large resistance range, and the narrow-band matching tends to lose broad-band information.
We used the thermal noise from different resistors at different temperatures to calibrate
our broadband RF setup in two different ways, determining the frequency-dependent
measurement efficiency for different resistance values. The noise spectra for substituting a
50 Ω resistor for the sample from T = 300 K to 10 K are shown in Figure 3.4.a. The upper
blue curve is the thermal noise spectrum at 300 K, and the lowest one is 10 K. The peaks
below 100MHz and around 750MHz are the background from the power amplifier chain
and spectrum analyzer, which affect the measurement in those ranges. The spectrum is
frequency dependent because the power amplifiers (Minicircuits zx60-33LN-S+) have
frequency-dependent gain over this broad range. The small oscillation at higher frequency
is likely caused by parasitic reactance contributions. The integrated noise from 250 MHz
to 400 MHz for a 50 Ω resistor as a function of temperature are plotted in Figure S2.b. The
red line is a linear fit. The noise and the resistor are expected to have the relation:
𝑃=

4𝑘 𝑇
𝑍𝑅
×
×𝐴+𝑆
𝑅
(𝑅 + 𝑍)
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Here 𝑃 is the total detected power; 4𝑘 𝑇/𝑅 is thermal Johnson-Nyquist current
power spectral density, 𝑅 is the resistance for each resistor, 𝑍 (50 Ω) is the impedance of
transmission line, power amplifier and power detector. 𝐴 is the product of bandwidth and
gain, which is independent of sample resistance. 𝑆 is the system background intensity,
including the power amplifier background and the environment background from
measurement system. We have repeated these temperature-dependent measurements for
a variety of different resistors. The slopes for different resistors are shown in Figure 3.4.c.
The formula for the measured power is used to fit the resistance-dependent slope and is
shown by the red curve. The curve does not converge to zero in the high R0 limit, implying
that there is an environmental background changing with temperature.

Using the

relationship above, and the inferred values of A and Sb, we can then convert between
measured broadband noise and the intrinsic noise at the sample.
For a related approach, we use the thermal noise of a 50 Ω load between two different
reference temperatures as a known amount of input noise, to find the corresponding output
noise of the amplifier chain. The ∆T = 290 K 50 Ω thermal noise spectrum is obtained by
using the T = 300 K noise spectrum and subtracting the T = 10 K noise spectrum, to
minimize the effect of background noise, and shown in in Figure S2.d. This standard 50
Ω ∆T = 290K thermal noise spectrum is used as a reference to calibrate other RF spectra
we measure.
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Figure 3-4: (a) High frequency thermal noise spectrum of 50 Ω resistor at different
temperatures. (b) The integrated noise from 250MHz to 400MHz as a function of
temperature. Linear fitting between noise intensity and temperature is shown by the red
line. (c) The slope of analogous linear fits for different load resistors, as a function of the
load resistance. Red line is the fit using the theoretical expectation for different resistors
and including a background. (d) The standard ∆T = 290 K 50 Ω thermal noise spectrum
obtained by using the increase of 50 Ω thermal noise from 10K to 300K minus the increase
of background. The inserted figures are spectra of the 50 Ω resistor and the unterminated
open ended measurement setup at 10 K and 300 K respectively.
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Chapter 4

Percolation and nanosecond fluctuators in
V2O3 films within the metal-insulator
transiton

In this thesis we report measurements of the intrinsic, thermally driven resistance
fluctuations in the mixed phase regime of the V O metal-insulator-transition, via noise
spectra under bias currents sufficiently small as to be non-perturbative. We extend the
frequency range of noise measurements up to 1 GHz, and find resistive fluctuations (noise
intensity quadratic in measurement current) up to several hundred megahertz, implying the
existence of nanosecond fluctuators, a timescale comparable to those found in experiments
probing the nonequilibrium metal-insulator transition. Lorentzian-like roll-offs are seen at
the upper limit of our frequency range, and particularly toward the insulating regime,
indicating that noise can be dominated by a small numbers of fluctuators. We compare
noise intensities and scaling with those expected from thermodynamic considerations of
the transition and its percolative nature. We find quantitative agreement with a 2D
percolation model based on fluctuations in percolating fraction, though the
thermodynamics of the transition make it unlikely that fluctuation-driven transitions of
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entire domains between metallic and insulating states are at work.

In devices with the

largest current density, the dependence of the noise intensity with bias current becomes
superquadratic, implying that the applied bias is perturbing the dynamics of the fluctuators.

4.1. Device fabrication
V O thin films 100 nm-thick were grown epitaxially on r-cut sapphire substrates
by RF magnetron sputtering deposition. For measurement, 70 nm thick Au electrodes (6
nm V adhesion layer) were patterned by electron beam lithography, electron beam
evaporation, and liftoff. After lithography and development, the exposed surface was
cleaned by Ar plasma (9W) for 1 minute before electrode deposition. The ratio of width to
height of each electrode gap is fixed to 1:4 for all device sizes as shown in Figure 1A. 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 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 (Figure 4.1.a,b).

Four device

geometries (10  40 μm, 20  80 μm, 40  160 μm, 80  320 μm ) were used, all with
identical aspect ratios, such that two-terminal device resistances in the metallic state were
identical for all devices, but with varying current densities for the same applied bias.
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Figure 4-1: (a)Optical microscope image of the 10 μm  40 μm device. The Au(70
nm)/V(7 nm) electrode are deposited on the surface of V O film, leaving 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.

4.2. Device characterization
The DC electronic conduction of the V O film devices was measured by recording the
resistance during the cooling and warming cycle, using a source meter (Keithley 2400, 10
mV output). The temperature was settled for 5 minutes at every 0.5 K through the transition
to allow the device temperature to stabilize. Figure 4.2.A shows the resistance changes with
temperature in the cooling and warming cycle. In the cooling cycle, the antiferromagnetic
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
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K, causing the resistance to increase by about 4 orders of magnitude. The resistance
continues to increase to almost 107× larger than the pure metallic phase when cooling down
to 100K. In the warming cycle, the transition from the antiferromagnetic insulating
domains to the paramagnetic metallic domains is about 7 K higher than cooling cycle,
showing thermal hysteresis.
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 Figure 4.2.B, the
IV curve is almost linear and did not show any obvious hysteresis (either from possible
current-induced changes in domain configuration, or from heating coupled with thermal
hysteresis), which allows us to take noise spectrum without considering the effect of
change of thermal noise.

Figure 4-2: (a) Resistance of the device versus temperature on cooling and warming cycle.
(b) The IV curve at small bias range in different temperature are almost linear.
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4.3. Low frequency noise measurement
Figure 4.3.A shows a T = 143.5 K typical low frequency noise spectrum at equally
stepped bias currents. The lowest flat spectrum corresponds to zero bias thermal noise
background. A slope of -1, corresponding to pure 1/𝑓 dependence, is indicated by the
black line. For initial analysis, we assume a 1/𝑓 form of the low frequency noise, to better
highlight deviations from that form. The spectra are fitted with the formula:

𝑆 (𝑓) =

where S

/

4𝑘 𝑇/𝑅 + S / /𝑓
𝑆 (𝑓)
=
𝑅
1 + (2𝜋𝑓𝑅𝐶 )

is corresponding to the 1/f noise intensity at frequency equals 1Hz at given

current, R is the resistance of device, and 𝑆 (𝑓) =

( )

is current fluctuation.

The contribution to the noise from the resistance fluctuations should have the form:
𝐼 + 𝛿𝐼 = (

)

, (𝛿𝐼 ) =

= − ×

=𝐼

. This implies that the

current noise from resistance fluctuations should be proportional to the square of the bias
current, if the resistance fluctuations do not change with current. The dependence of the
inferred noise intensity S

/

on bias is shown in Figure 4.3.B. The quadratic relation

between noise intensity and current shows that this low frequency noise contribution results
from resistance fluctuations.
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Figure 4-3: (a) typical spectrum of low frequency noise at 143.5K. The spectrum was taken
at equally stepped bias. Black line indicates the slope equals -1. (b) Quadratic fitting of at
1Hz.

4.4. High frequency noise measurement and comparison with low
frequency noise
Figure 4.4.A shows an example of the high frequency noise spectra (with the zero-bias
spectrum subtracted) at several equally stepped bias current values. The normalized low
frequency spectra are plotted on the same axes to show the full accessible frequency
information. The low frequency spectra are scaled using the quadratic current dependence
so that the highest bias current data for low and high frequency sets are equivalent, to
account for the different currents in the low and high frequency measurements. The
capacitive effects have also been compensated. From Figure 4.4.A, Lorentzian noise is
observed in both the high frequency range and low frequency range, implying that
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individual fluctuators are strongly affecting the total resistive fluctuations here. A typical
Lorentzian noise has the form

𝑆 (𝑓) ∝

1
(2𝜋𝑓) + (1/𝜏)

where 𝜏 is the effective lifetime of the fluctuator. According to the fitting, the lifetime of
these two dominant fluctuators are around 0.35 ns and 176 μs. More RF Lorentzian noise
examples are shown section 4.5, and the inferred effective lifetimes range from 1 ns to 0.2
ns.

The RF lock-in detection method can increase the sensitivity at the cost of spectral
information. Figure 4.4.B shows the measurement of integrated noise intensity at 141K.
The blue curve is measurement data, the red one is a quadratic fit, again showing
consistency with the noise intensity 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 to the RF bandwidth probed in the lock-in measurement. We
routinely find that the measured RF signal is larger than the extrapolated expectation. 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.
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The resistive noise, translated into voltage spectral density 𝑆 via a bias current, is
typically quantified by (𝑆 /(𝐼𝑅 ) )𝑣 𝑓 = 𝛼/𝑛. For reference, values of 𝛼/𝑛 found in
disordered metals are 10-21-10-23 cm3 and 10-18-10-21 cm3 for semiconductors,
respectively [5,40]. Surprisingly, in the mixed-phase regime of the La5/8-xPrxCa3/8MnO3
MIT, 𝛼/𝑛 is as large as 10-10-10-7 cm3. In the VO mixed phase regime [29], in contrast,
𝛼/𝑛 is around 10-22-10-24 cm3, comparable to the disordered metal cases. Here, we find
𝛼/𝑛 is around 10-18-10-20 cm3, much larger than in VO .

Further interpretation is

challenging without additional assumptions of a microscopic model for the fluctuators,
discussed below.

Figure 4.4.C,D show how the integrated noise and extrapolated 1/𝑓 noise expectation
change with resistance. The noise is maximized in the mixed phase regime, and much
smaller (below our sensitivity to detect) in the fully metallic state. In scaling models of
percolation [5,31,40,41], there is a connection between percolation cluster size and
resistive noise, such that 𝑆 /(𝐼 ) ∝ (𝑝 – 𝑝 )

, where 𝑝 is the percolating phase fraction,

pc is the critical concentration, and 𝑘 is a critical exponent. Similarly, the resistance should
also scale critically with p, with the resulting expectation that the normalized resistance
noise 𝑆 /(𝐼𝑅) ∝ 𝑅

where x is another critical exponent. Looking at Fig. 3C and find

values of 𝑥 around 1.5. For comparison, VO in the mixed phase regime showed 𝑥 values
of approximately 2.6 on both the insulating and metallic sides of the transition [29].
Differences in the resistive noise of the MIT between VO and V O is perhaps not
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surprising, given prior indications that the connections between structural and electronic
transitions in the two oxides differ [42,43].
The value of 𝑥 = 1.5 on both sides of the mixed phase regime (metal-rich and insulatorrich) is quantitatively consistent with predictions of so-called “p-noise” in 2D [34]. 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 that of the
resistance itself. To qualify as 2D, one would require typical domain sizes to be larger or
comparable to the film thickness.

In light of this agreement with p-noise predictions, it is worth considering how the
physics of the MIT constrains possible fluctuation mechanisms. In thermal equilibrium at
temperature T, statistical mechanics in the canonical ensemble shows that the mean square
energy content fluctuations of a volume v are given by (E)2 = (Cvv)kBT2, where Cv is the
specific heat per unit volume. If the resistance fluctuations result from some thermally
fluctuating volume v being fully converted between metallic and insulating phases, that
would require E ~ Lv, where L is the latent heat per unit volume, 65 J/cm3. [44].
Rearranging, v ~ (Cv/L2)kBT2.

Assuming that the lattice specific heat dominates

(approximately 3.2 J/Kcm3) 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 wholesale
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switching of metallic 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 percolation in this system [21], it is unclear
whether such small characteristic distances would be able to alter the connectivity of the
conducting network sufficiently to explain the relevance of the p-noise model and the
measured noise intensity.

The appearance of Lorentzian noise in the measurements,

particularly near the maximum in noise amplitude at the percolation threshold (Fig. 4.4.a,
Fig. 4.6) does suggest that small numbers of fluctuators can have a strong influence on the
connectivity of the network as a whole.

An alternative 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 boundary between the paramagnetic metal and the AFM insulator.
Slow fluctuations of AFM domains [45] lead to 1/𝑓 noise in metallic Cr around and below
the bulk Neel temperature [46]. The detection of resistive fluctuations up to the short
timescales accessed in the present experiments further constrain possible fluctuation
mechanisms to those compatible with such rapid dynamics. It is not clear that the hysteretic
characteristic of the first-order bulk MIT including the structural transformation is
compatible with such rapid equilibrium fluctuations.

We also compare the noise intensity for different size devices, the results are shown
in Figure 4.4.F. For larger devices, the noise due to resistive fluctuations is smaller,
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presumably of ensemble averaging over the larger device area. In the smallest devices, in
which the current densities and electric fields are largest, the lock-in measurement of
integrated high frequency noise shows pronounced deviations from a quadratic dependence
of the noise intensity with bias current (Fig. A.1). The measured noise shows instabilities
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. Noise of the kind presented here may serve as a sensitive probe for the dynamics
of switching phenomena in this system, an area of fundamental interest and importance for
neuromorphic applications of metal-insulator transitions [47].
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Figure 4-4: (a) Low frequency and high frequency spectrum of same device at 141 K
(resistance 24kΩ). The low frequency noise has been inferred accounting for the capacitive
roll-off in Eq. (4) and multiplied by a factor to compensate for the quadratic current
dependence and the current difference between the low and high frequency measurements.
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The three dashed line are corresponding to 1/𝑓 and two Lorentzian noise fitting. (b) The
integrated noise measured by 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 same temperature assuming a 1/𝑓 frequency
dependence. (c) For each temperature, the integrated noise measured by RF power detector
with 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 and normalized derivative (𝑑𝑅/𝑑𝑇)/𝑅 as a function of
temperature for a typical temperature cooldown. (e) The integrated noise measured by RF
power detector with 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 versus device resistance. (f) The integrated noise versus device resistance for
different size devices.

4.5. Statistic of RF fluctuators lifetime
The noise spectra in the RF high frequency range shows clear Lorentzian noise
shapes at some temperatures, which correspond to fluctuators with certain dominant
effective lifetimes. We fit the noise to the Lorentzian form for noise spectra of the size
20×80 μm device, since of the devices it has relatively large signals and a clear Lorentzian
noise shape. The statistical information is shown in Figure 4.5.a. The mean effective
lifetime found through this analysis is around 0.5 ns. Two examples of Lorentzian noise
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fitting at T = 143.5K and 140K are shown in Figure 4.5.b and Figure 4.5.c. The fitting
curves are indicated by the dashed lines.

Figure 4-5:

(a) Histogram of RF fluctuators characteristic times as inferred from

Lorentzian noise fits. Most of the effective lifetimes obtained through fitting are around
0.5ns. (b) and (c) Two examples of Lorentzian noise fitting at T = 143.5K and 140K. The
arrow indicates the increase of bias current.

4.6. Evolution of the low frequency spectrum across the coexistence
regime
We examine in detail the evolution of the noise spectra as a function of
temperature for the 20×80 μm device in Fig. 4.6. Clear low frequency Lorentzian noise
is observed when the device resistance value is around 24 kΩ, corresponding to T = 141
K, near the maximum of the noise magnitude as a function of temperature. In the
percolation framework, this should be near the percolation transition for the phase
coexistence regime. Near that threshold it is reasonable that individual fluctuators could
have an outsized influence, as current density can be high in key narrow conductive
paths [48]. At surrounding temperatures, the noise looks less like a simple Lorentian
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shape, and at the temperature extremes of the coexistence range the noise is more 1/𝑓like.

Figure 4-6: (a) The integrated noise measured by power detector and the expectation
based on 1/𝑓 shape noise versus device resistance. (b) - (f) Low frequency spectrum at
multiple resistance values. 1/𝑓 noise fittings are indicated by the straight lines.

4.7. Conclusion
We measured resistance noise in V O films at both low frequency and radio frequency
ranges across the mixed-phase range of the metal-insulator-transition. The variation of the
noise with 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
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percolating fraction of the conducting medium. Lorentzian noise was observed in both low
frequency and radio frequency ranges, showing the importance of individual fluctuators to
the connectivity of the metallic domains. The inferred lifetime of fast fluctuators varies
from 1 ns to 0.2 ns, approaching the timescale associated with the photo-induced insulatorto-metal-transition. The thermodynamics of the MIT suggest that fluctuations of entire
domains between the equilibrium metallic and insulating structural phases are unlikely to
be the source of the resistive noise. 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.
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Appendix
1. Noise shape dependence on the current density (electric field intensity)
We measured high frequency noise for different size devices with identical aspect
ratios, from 10 × 40 μm to 80 × 320 μm. The integrated noise intensity measured by
power detector and lock-in amplifier for different size devices at temperatures in the phase
coexistence part of the metal-insulator-transition are shown in Figure S4.a-d. For the
smallest size device with largest current density (electric field), the noise intensity is not
quadratic with bias current (as would be expected for standard flicker noise due to temporal
resistive fluctuations), and the noise intensity is not stable at some temperatures. As the
size of devices increases and the current density decreases, the measured noise intensity
becomes increasingly quadratic in the bias current. As in the low frequency measurments,
the high frequency noise at finite bias current is quadratic in the current, consistent with its
origination in temporally fluctuating resistive domains. However, at sufficiently large
current densities, the more rapid dependence of the high frequency noise on bias current
shows that the current itself is driving domain dynamics, rather than acting as a nonperturbative probe of the resistive landscape.
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FIG. A.1. (a) - (d) High frequency (225MHz – 580MHz) integrated noise intensity for
different size devices. The noise intensity versus current become more quadratic and stable
as the size of device increases and the current density (electric field intensity) decreases.
This indicates some electric field-induced change to the properties of the resistance
fluctuations at the largest fields/highest current densities.
2. Metal insulator transition and IV curves for other size devices
We measured the metal insulator transition and IV curves for different size devices.
The 20×80 μm device is already shown in the manuscript. The other three size devices are
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shown in Figure A2.a-f. The different sizes devices show similar metal insulator transition
at same temperature range. However, in relatively large voltage range, the smallest device
shows a nonlinear IV curve, because of the comparatively larger electric field and current
density. This implies the bias conditions can induce dynamical changes in the state of the
film.
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FIG. A.2. (a) Resistance versus temperature of size 10×40 μm device. (b) IV curves
for the temperature range where the noise measurements were taken. The smallest size
device shows nonlinear IV curves at higher voltage range. (b) - (f) Resistance versus
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temperature and IV curves for other larger sizes devices. The IV curves are more linear as
device size increases.

