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Abstract

Bulk VO2 undergoes an insulator-to-metal transition (IMT) with up to five order of

magnitude change its resistivity at 340 K. However, when VO2 is deposited as a film

on a substrate, the strain from the substrate can alter the IMT temperature, resis-

tivity ratio, and hysteresis. Here, we present single-phase VO2 ultrathin films (thick-

ness less than 20 nm) grown using oxygen plasma molecular beam epitaxy (MBE) on

TiO2(001) and Al2O3(0001) substrates. First, we modify existing recipes employing

ozone MBE and reproduce the best reported films on TiO2(001); maintaining an al-

most three order of magnitude transition in a 12 nm thick film. We then extend our

recipe to Al2O3(0001) substrates where we stabilize a 12 nm thin single-phase VO2

film and observe a two order of magnitude transition, expanding the possible growth

methods for ultrathin VO2 films on Al2O3(0001).

In a separate, approximately 10 nm thick VO2 film on TiO2(001), we use non-

contact AFM (nc-AFM) to track electronic properties across the expected temper-

ature range of transition. We first observe a change in the work function of VO2 at

the expected bulk transition temperature. We then measure the frequency shift and
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dissipation at varying bias and tip-sample separation at seven stable temperatures,

spanning the insulating to the metallic state. Using the frequency shift data, we ex-

tract the tip-sample capacitance, then calculate the induced carrier doping within the

sample as a result of the proximity of the tip. The work function, carrier density, and

damping results above and below the IMT suggest that we observe the IMT; with

the damping in particular showing consistent behavior with a decrease in resistance

starting as low at 270 K and continuing to 300 K. Furthermore, we observe a change

in work function at fixed temperature at close tip-sample separation as low as 240 K,

along with elevated damping, suggesting the electric field from the tip itself may be

initiating the transition, at least in the surface of the film, at temperatures as low as

240 K in the close tip-sample separation regime.
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1
Introduction: vanadium dioxide

Vanadium dioxide, VO2, has been continuously studied for over six decades due to

the abrupt insulator to metal transition (IMT) with resistivity changing by up to five

orders of magnitude, and accompanying structural phase transition (SPT) from mon-

oclinic to rutile; both of which occur above room temperature around 340 K1,2,3. In
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(a) (b)

Figure 1.1: (a) Initial IMT characteristics of VO2, V2O3 and VO, plotted as conductivity vs
inverse temperature. Adapted from Morin1. (b) IMT characteristics of VO2, V2O3, VO, and the
Magneli phases: VnO2n−1 (3 ≤ n ≤ 9), plotted as resistivity vs inverse temperature. Reproduced
from Pergament et al.4. Of these compounds only VO2 and V3O5 exhibit an IMT above room
temperature, with TIMT of VO2 being closer to room temperature than V3O5.

the same study, the results of which are shown in Fig. 1.1 (a), Morin also observed

an IMT in both V2O3 and VO1. Since then, an IMT has been demonstrated in many

other V-O compounds, named the Magneli phases with the chemical formula VnO2n−1

(3 ≤ n ≤ 9), which could be considered intermediate structures between V2O3 (n =

2) and VO2 (n → ∞). With the exception of V7O13, each of these V-O compounds

exhibits an IMT, with their compiled transport shown in figure 1.1 (b)4. VO2 is one

of only two such compounds that have the IMT temperature (TIMT) above room tem-

perature, and of those it is the closest to room temperature with the largest change in

resistivity between the insulating and metallic phase.

While the IMT was first observed by Morin in 19591, the SPT was not described

until 19712. At elevated temperatures, nominally above the IMT and in the metal-
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lic state, VO2 has a rutile structure with aR = bR = 4.5540 Å and cR = 2.8557 Å,

with each axis at 90◦ to each other (measured at 400 K)5, and at low temperatures,

nominally in the insulating state, the lattice transitions to the monoclinic structure.

Each lattice is shown in Fig. 1.2, with (a) showing the rutile phase, with unit cell out-

lined in solid black lines. The corresponding monoclinic unit cell is shown as a dotted

line. Similarly, panel (b) show the monoclinic lattice, with unit cell in solid black and

corresponding rutile unit cell as a dotted line. To differentiate between monoclinic

and rutile we use subscript R for rutile and M for monoclinic. Through the transition

the V atoms along cR pair, and twist off-axis. The pairing doubles the unit cell, and

the twisting changes the unit cell symmetry from tetragonal to monoclinic3. To stay

consistent with monoclinic nomenclature, aM points in the direction of cR and cM

is at 122.61◦ with respect to aM , resulting in a switch in the direction of the b-axis

between the phases. Figure 1.2 shows eight V atoms at the edge of the unit cell and

three V atoms from the center of the unit cell in the rutile and monoclinic phases,

along the b-axis each unit cell (or VO2[010]R and VO2[01̄0]M ) and corresponding lat-

tice constants.

To convert from rutile Miller indices to monoclinic Miller indices we use the follow-

3
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(a) (b)

Figure 1.2: Vanadium atoms in the bulk rutile and monoclinic lattice of VO2. (a) Three rutile
unit cells, with the unit cell outlined in solid lines. The corresponding monoclinic unit cell is shown
with a dotted line. The arrows next to the V atoms show their relative motion into the monoclinic
phase. (b) 1.5 monoclinic unit cells, with the unit cell outlined in solid lines. The corresponding
rutile unit cell is shown with a dotted line. The alternating V dimer distances along cR are labeled
with a red and green arrow.
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insulating metallic(a) (b)

Figure 1.3: (a) Phase-coexistence point of the monoclinic, rutile, and triclinic phases in VO2,
measured through applying nano-mechanical strain to nanobeams of VO2. (b) Two unit cells of
each of the structural phases of VO2, with the cR axis pointing upwards. M1 refers to the low-
temperature monoclinic phase shown in Fig. 1.2, M2 refers to an intermediate monoclinic phase
where only half of the V atoms are dimerized, T refers to the triclinic phase where half of the V
atoms are dimerized and the other half are rotated off-axis, and R refers to the high-temperature
rutile phase. Reproduced from Park et al.6.

ing transformation matrix:


h

k

l


M

=


0 0 2

0 1̄ 0

1̄ 0 1̄




h

k

l


R

. (1.1)

There are two intermediate lattices between the insulating monoclinic (M) and

metallic rutile (R), shown in Fig. 1.3 (b); a second monoclinic phase (M2) in which

only half of the V chains along cR dimerize (but do not twist off-axis), and a triclinic

phase (T) in which half of the V chains are dimerized but not rotated and the other

half are rotated off axis but not dimerized6.

Due to the large change in film properties at close-to-room temperatures, there are
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many potential applications that harness the switching behavior in VO2. Some of

the first applications are night vision googles7 or efficient window coatings8. More

recently, VO2 has attracted further interest for infrared detectors9, THz metamateri-

als10,11, memristors12, Mott transistors13, neuromorphic computing materials14, and

memory storage devices15,16. These applications benefit from high quality films with

the resistivity ratio between the insulating and metallic state (RRIMT) greater than

three orders of magnitude and the width of the transition being less than 25 K13,14,16.

TiO2(001) and Al2O3(0001) substrates are commonly used for VO2 thin film growth

because single-crystal films can be obtained that exhibit a sharp IMT. When grown

on Al2O3(0001), the IMT temperature is typically close to bulk, around 340 K, and

when grown on TiO2(001) the IMT temperature is reduced to around 290 K17, below

room temperature, both of which can be desirable for different applications. How-

ever, VO2 films 30 nm or thicker grown on TiO2(001) are known to crack due to ther-

mal stress18,19,20,21. As a result, ultrathin (thickness less than 20 nm) VO2 films on

TiO2(001) have been well optimized, achieving RRIMT of 103 and sharpness of 2 K19.

On the other hand, VO2 films on Al2O3(0001) have been a challenge to grow thinner

than 20 nm and measure transport due to the Volmer-Weber growth mode (i.e., is-

land growth)22,23. A key question then, is whether the desirable IMT properties can

be reliably manufactured and reproduced in ultrathin films on both TiO2(001) and

Al2O3(0001)24. In chapter 2, we discuss growth procedures for single-crystal VO2 ul-

trathin films using oxygen plasma MBE on TiO2(001) with RRIMT around 3 orders of
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magnitude and on Al2O3(0001) that maintains a RRIMT of 2 orders of magnitude.

Besides temperature, the IMT can be trigged through an applied bias25 (although

it is yet unresolved whether the transition is due to field effects26 or Joule heating27,28,29),

gating causing charge injection30, and photoexcitation via ultrafast lasers pulses31,32,33.

The IMT can be suppressed through strain17, oxygen vacancies19 or back gating34,13.

To further elucidate some of the bias-triggered transitions, we use non-contact atomic

force microscopy (nc-AFM) to track the local Joule dissipation and the induced charge

through the transition. We discuss these results in Chapter 4.

1.1 A Mott or Peierls transition

The fundamental science question of the IMT in VO2 is whether it is a Mott or Peierls

transition35,36,37,38,39. Here, we review the two theories before we discuss their rele-

vance to VO2. We start with the Hubbard Model and write down the Hamiltonian

summed over each site, i, and spin σ = [↑, ↓]:

Ĥ = −t
∑
i,σ

(
ĉ†i,σ ĉi+1,σ + ĉ†i+1,σ ĉi,σ

)
+ U

∑
i

n̂i↑n̂i↓, (1.2)

where ĉ†, ĉ are fermion creation and annihilation operators respectively, n̂iσ = ĉ†i,σ +

ĉi,σ is the spin-density operator, t the hopping parameter, which is calculated through

an integral, and U the relative strength of the on-site repulsion between electrons.

The first test of the Hubbard Hamiltonian is a 1D chain of H atoms - in fact, this

7



is the only system that can be solved analytically. We can set U to 0 and neglect

electron-electron on-site interactions. In a chain the s orbitals of each H atom will

overlap and hybridize, which is the foundation of band theory (along with U = 0).

Solving out the resulting bands from the configuration result in E ∝ k2, with band

gaps at ka = ±π, where a is the lattice spacing of the H atoms40. Each atom con-

tributes one electron, filling the energy up to a value of ka = ±π/2 in the ground

state (half-filling). As per this model, half-filling will result in a metal, consistent with

H atoms in a lattice at low T. However, as the atoms in the chain move further away,

instead we would want to describe isolated atoms with insulating behavior. In this

limit we take U to be non zero, such that U/t >> 1 and the electron orbitals do not

hybridize. In this limit the Hubbard model predicts an antiferromagnetic insulator, as

one would expect for a series of isolated H atoms.

1.1.1 A Mott transition

A Mott transition describes an insulator to metal transition as the temperature is in-

creased due to the thermal effects causing the hopping energy t to become larger than

on-site electron-electron repulsion U in the Hubbard Hamiltonian Eq. 1.2. Specifi-

cally, at low temperature a Mott insulator has such a large on-site repulsion due to

electron-electron interactions that we take the U/t >> 1 limit with the Hubbard

Hamiltonian and the material is an antiferromagnetic insulator. The Mott transi-

tion to the metallic state occurs at a threshold temperature, where the thermal en-
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ergy of the electrons makes the hopping parameter larger than the on-site repulsion,

U/t << 1. While these limits explain the two endpoint behaviors of the Mott transi-

tion, there is currently no rigorous solution to how a material behaves in the interim

where U/t ∼ 140. For example, V2O3 is a canonical Mott insulator where the transi-

tion is truly the result of on-site electron repulsion being overcome by thermal effects,

with a transition temperature of 165 K1,41. VO2 may also exhibit a Mott transition

above room temperature, at the unusually high temperature of 340 K. We note how-

ever, that it does not exhibit an antiferromagnetic insulating state.

1.1.2 A Peierls transition

Due to the SPT in VO2, we must also consider a Peierls transition as an alterna-

tive driver of the IMT. A Peierls transition describes how a periodic lattice would

exhibit metallic behavior, but a slight lattice distortion where the atoms dimerize

would exhibits insulating behavior. A Peierls instability is the statement that a one-

dimensional chain of equally spaced ions (or atoms) with one electron per ion is un-

stable; there will always be some distortion distance, δ, for which a gap in the en-

ergy bands will form at or near the Fermi surface, favoring the dimerized lattice42.

A Peierls transition uses the assumptions of band theory, namely that the on-site elec-

tron repulsion is negligible.

In Fig. 1.4 we compare a 1D chain of atoms with equal spacing a to a 1D chain of

atoms whose spacing alternates by a+ δ and a− δ. If every other atom is distorted by

9



a 2a

E

k
kF = π/2a

EF

E

k

E ∝ k2

kF = π/2a

EF

(a) (b)

Figure 1.4: The resulting band energy from (a) an equally spaced chain of atoms and (b) a dimer-
ized chain. The dimerized chain is known as the Peierls distortion and has a lower ground state
energy due to the reduction of energy at the Fermi level. This distortion also creates a band gap
at the Fermi level, resulting in an insulator.

δ (in the same direction, as shown in 1.4 (b)), now there are alternating intra-atomic

spacing, so the periodicity of the chain is now 2a. Based on band theory, band gaps

will now form at k(2a) = ±π, or ka = ±π/2, and at this gap the band bends (lower-

ing) slightly. Once again, if each atom contributes one electron, the band will fill up

to ka = ±π/2 in the ground state, filling to this gap. However, now because of the

opening in the band structure there is a slight band bending and the same number of

electrons will be at a lower energy, leading to the dimerized chain being more favor-

able42. In other words, the additional energy cost of the longer bond (a + δ) is less

than the energy gained from the shorter bond (a− δ). However, it also means there is

a band gap at the Fermi level and the dimerized chain will be insulating.

The band gap created through this distortion is typically quite small, therefore

thermal excitation from some threshold temperature would allow electrons to jump

the gap and fill states above and below the gap. In this case, the dimerization would

10



not lower the energy, and one would observe a periodic lattice and metallic behavior.

Current consensus of the transition

These two descriptions of the IMT seem at odds: a Mott insulator relies on high elec-

tron correlations to describe the transition as a function of temperature whereas the

Peierls instability description assumes the electron interactions are negligible com-

pared to the electron-atom interactions. While both of these frameworks have been

known for decades, there is still debate as to which theory best describes the IMT

VO2. Ultimately, it seems that subtle aspects of both the structure and electron cor-

relations are important to stabilizing the insulating phase, as more and more work

details a Mott-Peierls crossover both theoretically43,44,37,38 and experimentally39,45,46.

Recent attempts to model the transition using density functional theory (DFT)47,48

and dynamical mean-field theory (DMFT)43,37,38 in VO2 conclude the structural

change is not only important, but required to accurately describe the transition. These

frameworks use a dimer-Hubbard model where both the dimerization and strong elec-

tron correlations are considered.

Experimentally, disentangling the IMT and SPT is difficult, but possible, with

some groups observing the IMT without a lattice change; observing a metallic mon-

oclinic phase49 or an insulating rutile phase50. Fratino et. al.38 claim their framework

of a doped, dimerized Mott insulator can encapsulate the metallic monoclinic phase

observed experimentally49.
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On a final note, a prevailing theory is that the M2 phase to rutile is a true Mott

insulator48, with the transition from the room temperature monoclinic lattice to the

M2 lattice requiring half of the V chains to dimerize, as shown in Fig. 1.3 (b).

1.2 Overview of this work

Having now described VO2 and why it is of interest, both from a device and funda-

mental physics point of view, we may begin. The first stage of my research relied on

growing thin film VO2 with a high resistivity ratio across the transition, which was

also sufficiently smooth to measure with scanning probe techniques. We optimized a

growth recipe for VO2 on both TiO2(001) and Al2O3(0001), for which the results of

the growth and final film characteristics are presented in Chapter 2.

We saw the potential to use non-contact atomic force microscopy (nc-AFM) to

detect the Joule heating and local charge doping throughout the IMT with minimal

current. In many 2-terminal geometries applying a bias results in a sufficiently large

current that can locally heat the sample to its IMT temperature27. By using nc-AFM

we aim to reduce the induced current and observe the material properties through the

IMT. In Chapter 3 we overview the fundamentals of non-contact AFM; covering op-

eration, data acquisition, and initial data analysis strategies. In Chapter 4 we go into

more specific data analysis pertaining to the IMT in VO2.
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2
Molecular beam epitaxy growth of

ultrathin VO2 films

We use molecular beam epitaxy (MBE) to grow single-phase VO2 films. MBE is a

growth method used to grow material film layer-by-layer on a substrate. The ‘molec-

ular beam’ aspect is achieved through a sufficiently high vacuum such that the mean
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free path of atoms or molecules is on the order of 1 m; which is larger than the source

to substrate distance, therefore the atoms from the source will not scatter. This cre-

ates an easily controllable beam of atoms or molecules from a source at the bottom of

the vacuum chamber aimed at a substrate. By modulating the rate of sublimation the

user can control the relative rates of different metals and very precisely deposit com-

pounds layer-by-layer. The ‘epitaxy’ aspect of the name relies on the choice of sub-

strate where the lattice structure of the material grown will align with the substrate

lattice on which it is grown.

For already-gaseous materials, such as oxygen, the deposition method is altered

slightly. Instead of controlling the deposition rate through the rate of sublimation,

the set partial pressure of the gas is controlled. We use an oxygen plasma source to

supply atomic oxygen. Molecular oxygen, or ozone can also be used, with molecular

oxygen being less reactive and ozone being more reactive than atomic oxygen.

2.1 Substrates

Substrate choice is an important aspect of MBE growths since the deposited mate-

rial will align with the substrate orientation to minimize the surface energy. The sub-

strate and film thickness are important for VO2 properties, such as the temperature,

hysteresis, and sharpness of the transition, and even the resistivity ratio between the

insulating and metallic state (RRIMT). For example, when grown on Al2O3(0001),
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the IMT temperature is typically close to bulk, around 340 K, and when grown on

TiO2(001) the IMT temperature is reduced to around 290 K, below room tempera-

ture.

Figure 2.1 summarizes the reported RRIMT, IMT temperature, and IMT width for

representative thin films grown on both TiO2(001) and Al2O3(0001) substrates from

literature at varying thicknesses. Notably, ultrathin VO2 films grown on TiO2(001)

have been well optimized, maintaining a RRIMT of 103 in films around 10 nm thick

using ozone molecular beam epitaxy (MBE)20, and even in films as thin as 2 nm with

RRIMT around 102.5 using both ozone MBE20,51 and pulsed laser deposition (PLD)52.

One obstacle to maintaining high RRIMT in ultrathin VO2 films on TiO2 is Ti-V in-

terdiffusion at the film-substrate interface, which has been shown to reduce both the

magnitude and sharpness of the IMT20,52,24. To minimize Ti-V interdiffusion, groups

have developed recipes to grow VO2 with low substrate temperature of 120◦C with

a 200◦C anneal51, or 250◦C with a 300◦C anneal20. Even though these recipes aim

to reduce Ti-V interdiffusion, 1.4-1.7 nm of interdiffusion can still be observed at the

interface20,51. TiO2(001) is also prone to oxygen vacancies which can affect the IMT

temperature and RRIMT in VO2
53. Furthermore, VO2 films 30 nm or thicker grown

on TiO2(001) are known to crack due to thermal stress18,19,20,21.

Looking at trends in VO2 growths on Al2O3(0001) in Fig. 2.1, we observe that

there have been many VO2 films thicker than 20 nm grown on Al2O3(0001) with

RRIMT of 103 and even up to 104 using growth methods such as reactive-biased tar-
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Figure 2.1: VO2 thin films from literature showing thinner VO2 films tend the reduce the re-
ported RR between the insulating and metallic state measured through transport. Growths on
TiO2(001) are denoted with a circle, while growths on Al2O3(0001) are denoted with a square.
The dotted black line denotes the ultrathin film cut-off of 20 nm. The dotted red lines are guides
to the eye for the decreasing RRIMT and TIMT with film thickness.
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get ion beam deposition (RBTIBD)54,55, PLD56, and magnetron-sputtering57. How-

ever, there has been little success in growing films thinner than 20 nm and observing

a transition in transport measurements. Part of the reason growing ultrathin VO2

on Al2O3(0001) has been a challenge is the large lattice mismatch (4-9 %) with all

orientations of VO2
58,59 and island growth mode22. There is also a lattice symme-

try difference between the film and substrate: Al2O3(0001) has a hexagonal structure

which creates a 3-fold rotational degeneracy with both phases of VO2
60. Furthermore,

there are two in-plane orientations that have been observed, named the “on-axis” and

“diagonal” growth modes61§. The two possible growth orientations, plus the 3-fold ro-

tational symmetry make single-phase growth on this substrate a challenge19,62. Even

still, many have grown VO2 films on Al2O3(0001) and observe a transition, as evi-

denced by Fig. 2.154,63,19,62,55,56,57,58. Few papers have studied films as thin as 2 nm,

and quantified the optical properties across the transition22,23. These studies also ob-

serve a decrease in both the TIMT and transmission ratio between the insulating and

metallic state in ultrafilms. In particular, only one previous study has achieved VO2

ultrathin films on Al2O3(0001) and measured transport, reporting RRIMT of 102.5 in

a 6 nm film, grown using RBTIBD54. Here, we report a recipe using oxygen plasma

MBE to grow a 12 nm VO2 ultrathin film on Al2O3(0001) and observe RRIMT of 102

with IMT width of 63 K.

Ultimately, Al2O3(0001) is a preferred substrate for VO2 devices due to the avail-
§we show these growth modes in Fig. 2.6 and discuss them in more detail in Sect. 2.2.2
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ability and ease to prepare wafers, plus it has a smaller dielectric constant and larger

thermal conductivity than TiO2
64. It is also less prone to interdiffusion at the in-

terface, and the IMT in VO2 is less sensitive to oxygen vacancies in the substrate.

Therefore, we would like to produce ultrathin VO2 films on Al2O3(0001) with simi-

larly sharp and large RRIMT characteristics as currently exists on TiO2(001). Here we

present growth procedures for single-crystal VO2 ultrathin films using oxygen plasma

MBE on TiO2(001) with RRIMT around 3 orders of magnitude and on Al2O3(0001)

that maintains a RRIMT of 2 orders of magnitude.

2.2 Film growth and characterization

We use a Veeco GENxplor MBE with base pressure better than 10−9 Torr and an

oxygen plasma source to generate atomic oxygen to grow VO2 thin films. Using a

calibrated quartz crystal microbalance (QCM) inside the chamber, we use V deposi-

tion flux of 1 ×1013 V atoms/(cm2· s) during growth, comparable to the flux stated

by both Paik et al.20 and Tashman et al.51. For this V flux, we used an oxygen par-

tial pressure of 2.4 ×10−6 Torr for all growths, which we determined produced single-

phase VO2 with high RRIMT on TiO2(001)

Fig. 2.2 overviews the results of all samples grown and characterized throughout

this project. We find an important aspect to the correct V-O stochiometry is the ratio

of O pressure to V flux. In Fig. 2.2 we plot the growth V flux and the O partial pres-
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sure. We use the color to denote the the resulting film grown: orange for VO2, purple

for V2O5, and green for V2O3. The shape or the marker corresponds the electronic

properties of the film as measured between 280 K and 360 K: circle for an observed

IMT, upward triangle for high resistance and insulating, and downward triangle for

low resistance and metallic. For samples that we did not perform transport measure-

ments we indicate that with an ‘x’. Using this plot we find a window with the V flux

equal to 1×1013 V atoms/(cm2· s) and O partial pressure of 2.4 ×10−6 Torr where we

consistently grow samples with an IMT when measured between 280 K and 360 K.

Using this fixed V flux and O partial pressure, we grew a series of VO2 thin films

on TiO2(001) and Al2O3(0001) at substrate temperatures ranging from 150◦C to

400◦C, with an additional 10 minute post-growth anneal at 300◦C in the same oxy-

gen partial pressure for samples grown below 300◦C. We describe a total of 7 samples

in detail, with each thickness and composition summarized in Table 2.1. We target a

VO2 film thickness of 10 nm, well below the thickness where cracking is observed19,20,

but thick enough that we expect large RRIMT, even if there is film-substrate interdif-

fusion24,51,63.

Once a film has been grown we remove the film from the chamber and character-

ize the thickness and roughness with x-ray reflectivity (XRR), the composition with

x-ray diffraction (XRD), the surface morphology with tapping AFM in air, and the

transport properties using a physical property measurement system (PPMS).
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Figure 2.2: All ∼100 V-O films grown in our lab, plotted according to the V flux and O partial
pressure during growth, and resulting phase from XRD overlayed with resulting transport. The
color of the marker represents the phase determined through XRD: orange for VO2, purple for
V2O5 and green for V2O3. The shape of the marker represents the electronic transport properties
between 280 K and 360 K: circle for an observed IMT, upward triangle for high resistance and
insulating, and downward triangle for low resistance and metallic. We indicate samples without
measured transport with an ‘x’. The growth conditions of the seven samples studied in detail in
this chapter is marked with yellow star. All seven samples were grown with the same V flux and O
partial pressure, but the substrate temperature was varied, which is not indicated on this plot.
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2.2.1 X-ray reflectivity (XRR)

We perform x-ray reflectivity (XRR) measurements and simulate XRR curves using

GenX software† to determine film thickness, density, roughness, and any interface or

surface layers65. The final film and total interface thickness are reported in Table 2.1.

Based on the simulations, all film densities are within 20% of the expected bulk den-

sity of VO2, and the density of the substrate-film interface or surface layers is within

30% of the bulk density of VO2 (See Table 2.2), and all film thicknesses agree within

a few nm of the target thickness of 10 nm. The sample grown at 400◦C on Al2O3 had

a particularly thick substrate-film interface of 4 nm, while all other samples had a cor-

responding film-substrate interface of 1 nm or less. The samples grown on TiO2(001)

at 275◦C and 375◦C, and the sample grown on Al2O3(0001) at 275◦C all had a partic-

ularly thick (∼ 4 nm) surface layer, likely a surface oxide from being exposed to air in

a desiccator for ∼ 8 months before the XRR data was taken.

We use the film and interface thicknesses extracted from our XRR simulations

to verify the V flux used during deposition. The V flux is calculated from adding

the film and interface thickness, weighted by the densities relative to the bulk den-

sity of VO2, to determine the number of V atoms in the sample, then divided by the

known deposition time. The calculated V flux of each deposition falls within 2 ×1012

V atoms/(cm2· s) of the target flux of 1013 V atoms/(cm2· s).

†https://aglavic.github.io/genx/
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substrate growth film + interface XRD peak out-of-plane bulk monoclinic monoclinic bulk rutile rutile
T (◦C) thickness (nm) position (◦) spacing (Å) spacing∗ (Å) mismatch % spacing∗∗ (Å) mismatch %

TiO2(001) 150† 12 + 2 65.43 ± 0.01 1.425 ± 0.006 1.438 -0.9 ± 0.4 1.428 -0.2 ± 0.4
TiO2(001) 275† 8 + 4 65.712 ± 0.008 1.420 ± 0.003 1.438 -1.3 ± 0.2 1.428 -0.6 ± 0.2
TiO2(001) 375 7 + 4 65.350 ± 0.009 1.427 ± 0.004 1.438 -0.8 ± 0.3 1.428 -0.1 ± 0.3
Al2O3(0001) 275† 11 + 4 − − − − − −
Al2O3(0001) 325 10 + 1 39.48 ± 0.01 2.281 ± 0.005 2.263 0.8 ± 0.2 2.277 0.2 ± 0.2
Al2O3(0001) 375 9 + 1 39.853 ± 0.017 2.260 ± 0.007 2.263 -0.1 ± 0.3 2.277 -0.8 ± 0.3
Al2O3(0001) 400 12 + 4 39.942 ± 0.023 2.25 ± 0.01 2.263 -0.6 ± 0.4 2.277 -1.2 ± 0.4

Table 2.1: Sample thicknesses determined from XRR simulations with any fit interface layer thicknesses, XRD fit peaks, and the
corresponding out-of-plane lattice mismatch for monoclinic and rutile phase. All measured out-of-plane lattice mismatch values are
less than or about 1%, so it is difficult to determine the phase of the lattice from the XRD alone.
†Samples were annealed to 300◦C after V deposition for 10 minutes in the same oxygen partial pressure as V deposition.
∗The monoclinic orientation we consider for each substrate is VO2(402̄)M ||TiO2(001) and VO2(020)M ||Al2O3(0001). Bulk lattice constants reported
from the room temperature measurements of Rogers 5.
∗∗The rutile orientation we consider for each substrate is VO2(002)R||TiO2(001) and VO2(02̄0)R||Al2O3(0001). Bulk rutile lattice constants are
reported from the 400 K measurements of Rogers 5.
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Figure 2.3: XRR data from the sample grown at 375 ◦C on Al2O3(0001) with the GenX simula-
tion showing acceptable agreement. The simulation corresponds to film parameters tabulated in
Table 2.2.

We report the full XRR simulation parameters for each sample, and show a repre-

sentative fit for the sample grown on Al2O3(0001) at 375◦C in Fig. 2.3. Fit parame-

ters for each sample include two background offsets: the initial and background inten-

sity, two parameters for the substrate: density and roughness, and three properties

per additional layer: thickness, density and roughness. In the Table 2.2 we show the

fit parameters for each sample, as well as specify where any interfacial layers are lo-

cated: either at the film-substrate interface or on the surface of the film (i.e. the film-

air interface).

The substrate density of Al2O3 is consistently close to the bulk value in the fits.

However, the density of TiO2 in the fits is at up to 33% lower than bulk TiO2 in the

samples grown at 150◦C and 275◦C. The density XRR is sensitive to is the scatter-

ing length density, which is related to the electron density, not the mass density.
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sample substrate film film interface interface surface surface weighted
substrate, density thickness density thickness density thickness density thickness
growth T (FU/Å3) (nm) (FU/Å3) (nm) (FU/Å3) (nm) (FU/Å3) (nm)

TiO2, 150◦C 0.0287 12 0.03535 1.2 0.0390 0.6 0.0640 14.4
TiO2, 275◦C 0.0216 8 0.0294 − − 4 0.0238 9.9
TiO2, 375◦C 0.0327 7 0.0348 − − 4 0.0222 9.4
Al2O3, 275◦C 0.0233 11 0.0284 − − 4 0.0235 12.6
Al2O3, 325◦C 0.0233 10 0.0382 0.6 0.0308 − − 12.2
Al2O3, 375◦C 0.0233 9 0.0366 0.8 0.0280 − − 10.9
Al2O3, 400◦C 0.0271 12 0.0398 4 0.0380 − − 18.7

Table 2.2: Summary of the eight relevant XRR fitting parameters: substrate density and rough-
ness, film density, roughness, and thickness, and any interface density, roughness, and thickness.
The density of interest for XRR is the scattering length density which is related to electron density
as opposed to the mass density. The density parameter within the simulations is the chemical for-
mula unit per Å3 (FU/Å3), which is related to the unit cell size and mass density. Bulk densities:
VO2: 0.0332 FU/Å3, TiO2: 0.0327 FU/Å3, Al2O3: 0.0233 FU/Å3. The non-trivial surface inter-
face layer is likely an oxide on the surface, due to those samples having XRR data taken months
after growth.

Therefore, even though the simulations fit to a lower density in TiO2, this points to

a decrease in electrons in the substrate, which may indicate we have interdiffusion

between our sample and substrate.

When creating the model, we place the interface between the substrate and film,

with a density near but below that of the film, then start the fitting procedure. In

some cases the fitting reduced the film thickness and the density while increasing the

interface density and thickness, to a point where the interface more closely matched

the density of the film than the film layer. In this case we took the interface layer to

be located on the surface of the film, and assume a negligible substrate-film interface.

For the film grown at 150 ◦C on TiO2 the fit required the inclusion of both interfacial

layers.
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2.2.2 X-ray diffraction (XRD)

We use x-ray diffraction (XRD), measured at room temperature, to determine the

structural characteristics of the samples. The results for each sample are shown in

Fig. 2.5. Peaks in the XRD correspond to constructive interference of x-rays inci-

dent at angle θ from the surface that are transmitted and reflected along planes of

atoms parallel to the surface. The constructive interference is described by Bragg’s

law: nλ = 2d sin θ, where n is the diffraction order, λ is the x-ray wavelength (we use

Cu K-α radiation with λ = 1.5406 Å), d is the spacing of the planes of atoms, and

θ is the reflected angle relative to the surface, as shown in Fig. 2.4. Thus, a peak in

intensity at a particular angle of incidence will correspond to a plane spacing where

the constructive interference is the strongest. 2θ is the independent variable for this

measurement schema; both the source and the detector are positioned such that they

have the same incident angle with respect to the surface, which is then swept from 4◦

to 55◦. The intensity is then collected as a function of 2θ, where 2θ refers to the angle

of the detector with respect to the through-line of the source.

The substrate will also be detected in this measurement (labelled in both panels

in Fig. 2.5) and is typically used as a calibration since the orientation is known and

there is no strain to alter the plane spacing from known bulk values. The substrate

has effectively infinite atomic planes for constructive interference which will result in

a very sharp and intense peak. A thin film however, has fewer planes contributing to
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Figure 2.4: Schematic of the constructive interference measured during a typical XRD scan. The
orange dashed lines are the path length difference, each one equal to d sin θ.

the constructive interference which results in a broader, less intense peak.

We note that some reflections predicted by Bragg’s law are forbidden. Specifically,

VO2(001)R is forbidden because the V atoms in VO2 have a body-centered tetragonal

structure and due to the symmetry of the O atoms within the lattice. The additional

V atom at the center of the unit cell adds an atomic plane between the planes at the

top and bottom of the unit cell and thus we would not find a peak corresponding to

2.8557 Å lattice spacing. Because there are two planes of atoms per unit cell, the

plane spacing one would expect to measure is 2.8557 Å/2 = 1.428 Å, corresponding to

VO2(002)R (Fig. 1.2 (a)). For the same orientation but in the monoclinic phase, aM

= 5.7529 Å5, but there are now 4 atomic planes per unit cell (Fig. 1.2 (b)), resulting

in an expected plane spacing of 1.438 Å. Rigorously, the forbidden reflections occur

when the structure factor of a specific orientation, (HKL), goes to zero. The structure
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factor for the (HKL) reflection is:

FHKL =
∑

fj exp[−2πi× (Hxj +Kyj + Lzj)], (2.1)

where the sum is over all atoms in the unit cell labelled by j, fj is the atomic form

factor (different for each atom), and xj , yj , and zj are the fractional coordinates of

the atoms within the unit cell.

Previous work on TiO2(001) substrates has shown that VO2 thin films can main-

tain the rutile structure from the growth temperature down to room temperature17.

Specifically, we expect VO2(001)R to form, adopting the lattice structure and ori-

entation from the substrate. However, due to the structure factor of this lattice the

first peak we would expect to see in the XRD corresponds to VO2(002)R with a plane

spacing of 2.8557 Å/2 = 1.428 Å5. VO2(402̄)M is the corresponding film orientation

in the monoclinic phase which has a plane spacing of 1.438 Å. Fig. 2.5 (a) shows the

XRD data for each sample grown on TiO2(001), with the bulk peak positions for both

VO2(002)R and VO2(402̄)M labeled. For each sample we fit the peak position and ex-

tract the out-of-plane lattice spacing. We notice the non-monotonic behavior of the

peak position with substrate temperature. This may be due to the sensitivity of VO2

film growth on the substrate preparation of TiO2(001)52. For example, the sample

grown with the substrate temperature at 275◦ may have had a different substrate ter-

race sizes than the other two samples shown here.
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Using this measured out-of-plane spacing (dXRD), and bulk plane spacing (d(002)R

or d(402̄)M ) we calculate the out-of-plane lattice mismatch for both the monoclinic and

rutile phase on TiO2(001) using

monoclinic mismatch =
dXRD − d(402̄)M

d(402̄)M
(2.2)

and

rutile mismatch =
dXRD − d(002)R

d(002)R
(2.3)

respectively. Based on the calculated lattice mismatch of each phase, we find that all

growths on TiO2 are more consistent with VO2 in the rutile phase than the mono-

clinic phase. However, because the films are thin, the peak is very broad which makes

it difficult to fit the exact position in 2θ. Furthermore, all the calculated out-of-plane

mismatch values are close to or less than 1%, so the phase can not be conclusively

determined from XRD measurements alone.

When depositing VO2 on Al2O3(0001) the elevated substrate temperature favors

the rutile phase during deposition. However as the film is cooled through the IMT

and SPT temperature the VO2 lattice transitions to the monoclinic phase. Therefore

when thinking about strain, we must consider how the rutile phase will align with the

Al2O3(0001) lattice during growth, but acknowledge that the film is expected to be

monoclinic phase at room temperature, which may affect room temperature strain
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Figure 2.5: XRD of the films show that VO2 crystallizes at all temperatures studied here on TiO2

but only at or above 325◦C on Al2O3. (a) The samples grown on TiO2 (001) and the bulk VO2

rutile (002) and monoclinic (402̄) peaks denoted with a dashed and dotted line respectively. The
variable VO2 peak position may be due to differences in the substrate surface after preparation52.
(b) The samples grown on Al2O3(0001) with the VO2 rutile (02̄0) and monoclinic (020) similarly
denoted. Curves are offset by a factor of 100 for clarity. The peak at 38.1◦ in the 400◦C growth
corresponds to Au (111) because the XRD for this film was taken after gold contacts had already
been deposited, but should not affect the VO2 peak.
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considerations.

In Fig. 2.6, we show schematically both the “on-axis” and “diagonal” growth ori-

entations of rutile VO2 on Al2O3(0001)61. Using the bulk crystal values for the ru-

tile phase (measured at 400 K5), we calculate a compressive 2.4% strain on cR and

tensile 4.5% strain on aR for the on-axis growth, VO2[100]R∥Al2O3[21̄1̄0]. We cal-

culate the strain for the diagonal growth mode along VO2[101]R∥Al2O3[101̄0] to be

-2.1 %, using a supercell of three VO2 lattices to two Al2O3 lattices along that di-

agonal ‘axis’ alignment (specifically the dashed line in Fig. 2.6 (b)). Even with this

high strain, the VO2(01̄0)R∥Al2O3(0001) is consistently observed60,57,62, with either

VO2[100]R∥Al2O3[21̄1̄0] or VO2[101]R∥Al2O3[101̄0]61.

In our VO2 samples grown on Al2O3(0001) we observe peaks in the XRD corre-

sponding to VO2(020)M (or VO2(02̄0)R in the rutile phase), in agreement with results

from literature. We find VO2(020)M crystallizes only at and above 325◦C (Fig. 2.5

(b)), consistent with, and slightly below the previously reported minimum growth tem-

perature of 350◦C55. Of the three samples that crystallized on Al2O3(0001), we once

again fit the peak position to calculate the out-of-plane lattice parameter and deter-

mine the out-of-plane lattice mismatch of the monoclinic (rutile) phase using d(020)M

(d(02̄0)R) for the bulk plane spacing. Based on the resulting mismatch, we predict that

the two higher temperature growths are in the monoclinic phase at room temperature,

and we can not determine the phase of the VO2 films grown at 275◦C due to there

being no peak in the XRD. Interestingly, the sample grown at 325◦ is more consis-
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Figure 2.6: View along VO2[010]M of the top-most layer of Al atoms (grey) and a single layer of
V atoms (blue) in the monoclinic VO2(020) orientation. The unit cell of Al2O3 is shown in grey,
the unit cell of monoclinic VO2 in solid blue, and the equivalent rutile unit cell is shown in dotted
blue. The dark dashed line highlights which axes are aligned between Al2O3 and VO2 in each case.
(a) VO2[100]R∥Al2O3[21̄1̄0] alignment; on-axis growth. (b) VO2[101]R∥ Al2O3[101̄0] alignment;
diagonal growth61. Panel (b) corresponds with a 2.16◦ (2.06◦) rotation of V atoms clockwise from
panel (a) in the monoclinic (rutile) phase.
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tent with the rutile phase, however, we cannot determine the structure for this sample

based on XRD alone. Similar to our VO2 thin film growths on TiO2, we need trans-

port to confirm these phases. We could not determine the in-plane orientation using

reciprocal space maps (RSM) because the film too thin and we could not detect an

off-axis peak within the noise.

2.2.3 Measuring the IMT with transport

To quantify the IMT temperature, width, and hysteresis we use a physical property

measurement system (PPMS) to measure the resistance as we sweep the temperature

between 250 K and 370 K at ± 2.5 K/min. We deposited contacts in a van der Paaw

geometry using an electron beam evaporator and a cross-shaped mask. 5 nm of Cr is

deposited as a wetting layer before 100 nm of gold is deposited. The sample grown

at 400 ◦C on Al2O3 used Ti as a wetting layer instead. The contacts are 2 - 2.5 mm

apart, depending on the sample. Within the PPMS, we use an AC current of 1 µA,

at either 9.16 Hz or 15.26 Hz. The transport for each sample is shown in Fig. 2.7,

showing the that largest IMT occurs at the lowest growth temperature on TiO2(001).

On Al2O3(0001) we observe a broad, two order of magnitude transition for the film

grown at 400◦C, and less than two order of magnitude transition for the film grown at

375◦C.

We quantify the IMT properties of each sample by taking the first and second

derivative of the log of the resistance with respect to temperature. We establish the
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Figure 2.7: (a) Transport of films grown on TiO2(001) and (b) on Al2O3(0001), with lower sub-
strate temperature corresponding to lighter colors. All growths on TiO2 show a transition below
room temperature, and only 2 films on Al2O3 show a transition, both of which occur above room
temperature. ▼ symbols refer to the down sweep, ▲ refer to the up sweep.
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Figure 2.8: (a) Representative first derivative of the log of the resistance, showing the IMT tem-
peratures of the cooling (blue) and warming (red) transport for the sample grown at 275◦C on
TiO2. (b) The second derivative of the log of the resistance with the start and end of the tran-
sition marked by vertical lines: dark blue for cooling, dark red for warming51. We use a window
around zero equal to 5% of the maximum double derivative value (shown in dotted lines) to deter-
mine when the double derivative is zero. We use the resistance at the corresponding start and end
of the transport to calculate the RR.

IMT temperature by fitting the peak in the first derivative (i.e, d(log(R))/dT , as

shown in Fig. 2.8(a)). We then use the second derivative to determine the start and

end point of the transition based on where the second derivative goes to 051 . We use

a window around zero equal to 5% of the maximum of the double derivative to deter-

mine when the curves are consistent with zero. In Fig. 2.8 (b) we show the start and

end point of the warming and cooling sweeps marked with a dark red and dark blue

line respectively. We then take the ratio of the resistance at the start and the end of

the transition, as defined by the IMT width, to calculate RRIMT.

34



We perform this fitting for both the warming and cooling sweeps and present the

IMT temperature (TIMT), IMT width, and RRIMT in Table 2.3, where the error in

the IMT width comes from differences in warming and cooling, and the error in RRIMT

comes from uncertainty in the endpoints of the double derivative due to noise in the

data. For the sample grown on Al2O3(0001) at 275◦C there were no peak in the first

derivative, consistent with no IMT, and for the sample grown at 325◦C there was a

broad peak in the first derivative, but the second derivative was flat within the noise,

meaning there is no meaningful transition.

substrate, TIMT (K) TIMT (K) IMT
growth T (warming) (cooling) width (K) log10(RRIMT)
TiO2, 150◦C 308 296 63 ± 3 2.90 ± 0.05
TiO2, 275◦C 287.5 275.5 24 ± 2 1.71 ± 0.02
TiO2, 375◦C 286 278 57 ± 4 1.67 ± 0.05
Al2O3, 275◦C insulating (dR/dT < 0) at all measured T
Al2O3, 325◦C no measurable transition
Al2O3, 375◦C 314 307 116 ± 4 1.83 ± 0.03
Al2O3, 400◦C 337 329 78 ± 4 2.07 ± 0.03

Table 2.3: Summary of film transport properties studied in this work. For growth on TiO2(001)
we reproduce ultrathin films with high RRIMT. We produce ultrathin VO2 films Al2O3(0001) with
RR of 102. The sample grown on Al2O3(0001) at 325◦C showed a broad peak in the first deriva-
tive but only noise in the second derivative, and so we determine it has no measurable transition.

The two samples grown on TiO2(001) at higher temperatures showed an IMT be-

low room temperature, consistent with the findings from XRD. However the film

grown at 150◦C with a 300◦C anneal on TiO2(001) showed a IMT just above room

temperature at 302 K. Based on transport, this sample is mid-transition at room tem-

perature, and so may contain both monoclinic and rutile domains. The 300◦C anneal
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Figure 2.9: (a) XRD and (b) transport of a sample that was deposited at 150◦C on TiO2(001)
with the same V flux but had no post-growth anneal. Based on the XRD data, the sample crystal-
lized rutile VO2, but according to transport does not exhibit a transition down to 275 K.

was critical in producing a film with a transition, in agreement with Paik et al.20. We

grew a second film at 150◦C, not reported in Table 2.1, but without a post-growth an-

neal. As shown in Fig. 2.9, this sample showed a peak in the XRD where one would

expect a VO2(002)R peak, however no transition was observed in the transport.

On Al2O3(0001), only films grown at the highest two substrate temperatures showed

an IMT, both above room temperature. The transport shows the sample grown at

275◦ is insulating, with dR/dT < 0, down to at least 270 K. The sample grown at 325

K shows a very broad and shallow peak in the first derivative, with insulating behav-

ior above 325 K and metallic behavior below. This is consistent with the room tem-

perature XRD results, where out-of-plane lattice mismatch for the rutile phase was

less than the mismatch to the monoclinic phase. However, there was no significant

second derivative, and so we do not consider this sample to have a transition.
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2.2.4 Atomic force microscopy (AFM): topography

To determine the surface topography and roughness of each film, we use atomic force

microscopy (AFM) operating in tapping mode in air. We show a representative 500 ×

500 nm2 topography for each sample in Fig. 2.10. Panels (a)-(d) shows the AFM to-

pography for samples grown on Al2O3(0001) at (a) 275◦C, (b) 325◦C, (c) 375◦C, and

(d) 400◦C. Similarly, Panels (e) - (g) show the AFM topography for samples grown on

TiO2(001) at (e) 150◦C, (f) 275◦C, and (g) 375◦C. All films have a root-mean-square

(rms) roughness less than 2 nm. We use these topographies to estimate the charac-

teristic domain size within each sample. To determine the average domain size in our

films we take three line cuts through the image, and find the average grain width,

shown in panel (h). The peak-to-peak roughness of each sample seems to indicate

lower substrate temperature produces rougher films. The domain size on the other

hand, does not seem to follow a trend with substrate temperature during growth.
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Figure 2.10: AFM topography of all seven samples studied here. (a)-(d) AFM topography of samples grown on Al2O3(0001) at
(a) 275◦C, (b) 325◦C, (c) 375◦C and (d) 400◦C. (e)-(g) AFM topography of the samples grown on TiO2(001) at (e) 150◦C, (f)
275◦C, and (g) 375◦C. (h) Domain size extracted from line cuts for each sample plotted against the growth temperature. We see no
significant trend with growth temperature within these samples.
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2.3 Conclusion

We confirm that the best recipe used here for growing VO2 on TiO2(001) is at the

lowest substrate temperature; 150◦C with a 10 minute, 300◦C anneal in oxygen to

produce a film with an almost three order of magnitude transition, IMT width of 63

K, and low rms roughness.

Finally, we confirm that ultrathin VO2 films can be stabilized on Al2O3(0001) that

maintain an RRIMT of at least 102. Interestingly, the film grown at 375◦C, which has

no measurable out-of-plane mismatch, has a IMT temperature of 314 K, reduced by

25 K from bulk, while the sample with higher out-of-plane mismatch (-0.2%) has a

warming IMT temperature of 337 K, closer to the bulk IMT of 340 K. This points

to the difficulty of predicting the effect of out-of-plane lattice parameter on the IMT

temperature in VO2(010)M oriented films, and the potential importance of measuring

the in-plane strain.

We have described a growth technique using oxygen plasma MBE to grow single-

phase VO2 ultrathin films 12 nm thick on TiO2(001) with RRIMT around 3 orders of

magnitude and IMT width of 63 K. We reproduce the best films on TiO2(001) from

literature and extend the lower bound of the deposition temperature of continuous

growth to 150◦C. Similarly, we grow a 12 nm VO2 film on Al2O3(0001) using oxygen

plasma MBE with a two orders of magnitude RRIMT and IMT width of 78 K. Addi-

tionally, we grow an ultrathin, 9 nm thick VO2 film on Al2O3(0001) with a warming
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IMT temperature of 314 K and a transition width greater than 100 K. We develop

a growth recipe using MBE to stabilize ultrathin VO2 films on Al2O3(0001) with a

measurable electronic transition.
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3
Non-contact atomic force microscopy

Non-contact atomic force microscopy (nc-AFM), is a nanoscale measurement

technique that utilizes an oscillating probe to detect forces between the probe and a

sample. The three common probe geometries include a silicon cantilever either in a

horizontal or vertical geometry, or a qPlus sensor. For all 3 geometries the probe is
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oscillated at its resonant frequency, f0, and the response of the probe’s frequency and

amplitude are measured.

Here we use a qPlus sensor for its ease of construction, calibration, and use. A

qPlus sensor uses a high-Q factor quartz tuning fork with one prong glued to a post,

with the other prong free to oscillate. A metallic tip is glued to the oscillating prong

and is used to detect tip-sample forces or current. Typical resonant frequencies are

on the order of 10s of kHz with spring constant ∼ 1000s N/m. The high Q allows for

high signal-to-noise within the measurement. Oscillations of the probe are detected

through the piezoelectric signal generated by the quartz prong66.

3.1 Geometry and Terms

Before diving into derivations, we first give a general overview of the basic geometry

(Fig. 3.1) and variables (Table 3.1) we’ll use in later sections. In Fig. 3.1 we schemat-

ically show the feedback in two operation modes: (a) constant drive mode and (b)

constant amplitude mode. A red box denotes a fixed variable and green box denotes a

varying variable. All boxed variables are recorded within the controller software‖.

The probe is oscillated by a piezo which is driven an AC voltage, Vdrive at frequency

f . A qPlus probe detects the mechanical oscillation via the voltage signal generated

through the piezo electric effect of the quartz66. The qPlus probe therefore requires

two electrodes on the prong that span the length of the prong to detect the voltage
‖We use RHK’s R9 Software.
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Figure 3.1: Schematic of nc-AFM operation using a qPlus sensor in (a) constant drive mode and
(b) constant amplitude mode. All recorded variables are in either a red or green box. A red box
denotes a fixed variable, a green box denotes a changing variable. In both modes the phase, φ, is
kept constant by adjusting f0 via ∆f . (a) In constant drive mode Vdrive is fixed, and any decay to
Ae is recorded. (b) In constant amplitude mode a second PI controller is used on Ae, and Vdrive is
varied to maintain constant amplitude. (c) Schematic of the displacement current created in the
sample due to an oscillating tip close to the sample. (c) has been reproduced from Hasan et al.67.
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signal, shown in blue and red in Fig. 3.1§. The voltage signal from the probe (called

‘qPlus’ in the controller software) is fed into a lock-in amplifier which disentanlges

the signal into the AC electric amplitude of oscillation Ae and the phase difference, φ

between Vdrive and Ae.

During operation, the probe is driven at the resonant frequency of the probe, f0.

To determine f0 of the probe, the frequency of Vdrive is swept with the probe far from

the sample so that there are no tip-sample forces (known as free space) and Ae and φ

are recorded. A typical frequency sweep is shown in Fig. 3.2. f0 is then recorded, and

is used as reference throughout the measurement.

When the probe is close enough to a sample it will detect both conservative and

non-conservative forces. Conservative forces will cause the resonant frequency of the

probe to decrease and non-conservative (or dissipative) force will cause the amplitude

of the probe to decrease. In frequency-modulated AFM (FM-AFM) a phase locked

loop (PLL) will shift the frequency of oscillation to match the lowered resonant fre-

quency by keeping the phase constant at the set point φ = φ0 (See Sect. 3.1.1 for

more detail). This shift in resonant frequency is recorded as ∆f .

The decaying amplitude can be handled in one of two ways: constant drive or con-

stant amplitude mode. In constant drive mode (Fig. 3.2 (a)) any change in Ae is sim-

ply recorded (Vdrive is also recorded, but is constant). In constant amplitude mode,
§The contacts on the tuning fork are also shown in Fig. 3.3, and are labelled ‘AFM’ and

‘GND’
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Figure 3.2: A typical frequency sweep used to determine the resonant frequency of the tip with
the resulting (a) measured electronic amplitude, Ae, in mV and (b) phase in degrees. At resonance
the phase between the Vdrive and Ae is 0◦, φ0 = 0◦

45



shown in Fig. 3.2 (b), there is a second feedback loop on Ae to keep it at the set

point, which will increase Vdrive to do so. In this case, Vdrive is proportional to the

losses in the system. Both Ae and Vdrive are recorded, but Ae is constant while Vdrive

varies.

We can apply a bias between the tip and sample, Vb, as shown schematically in

Fig. 3.1 (c). In our system the bias is applied to the sample and the tip itself is grounded.

This ground can be different from the ‘GND’ electrode on the tuning fork, but are

both connected to the chamber ground at the moment. Vb allows us to vary the elec-

trostatic forces between the tip and sample (for more information see Sect. 3.6.1).

Fig. 3.1 (c) also shows the induced charge due to proximity of the tip to the sample

sample and the applied bias. Because the tip is oscillating, the charge moves within

some region under the tip, creating a displacement current, Id. It is this displace-

ment current, along with the resistance of the system and sample, RJ , that leads to

Joule dissipation, which we detect through an increase in Vdrive. We use the increase

in Vdrive to calculate the damping, Γ, between the tip and sample.

As a final measurement channel we can measure the tunneling current between the

tip and sample. For all measurements here, the probe was too far from the sample to

detect a tunneling current. However, the total current measured by the tip, Itip, is

sensitive to more than the tunneling current; by oscillating the tip we induce a cur-

rent within the tip, Iosc, even in free space68. We use the fact that larger Vdrive results

in larger peak-to-peak Itip to determine the calibration factor, κ1, between Vdrive and
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the mechanical oscillation amplitude of the tip, Aosc, in Sect. 3.4.1.
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variable description
Vdrive AC voltage applied to the scan tube piezo to oscillate the probe, ∼ 20-50 mV.
f0 Resonant frequency of the qPlus probe.
Q Quality factor of the probe resonance. Our probes Q ∼ 1000 at room temperature.
k Spring constant of the tuning fork. k = 1800 N/m for our tuning forks.
∆f Frequency shift from resonance. One of our measurement channels.
φ Measured phase between Vdrive and Ae.
φ0 Phase set point within PLL during operation. At resonance φ0 = 0◦.

PLL Phase Locked Loop. A feedback control for oscillatory systems. See Sect. 3.1.1
Ae Electronic oscillation amplitude of the qPlus probe, typically ∼ 50-150 mV. Held at a set point ∼ 50− 150 mV.
Aosc Mechanical oscillation amplitude of the qPlus probe, here we use 0.5 nm by setting Ae inside the PLL.
κ Calibration factor between Ae and Aosc. See Sect. 3.4.1
κ1 Calibration factor between Vdrive and Aosc.

ネ, (“ne”) Frequency-dependent calibration factor to account for off-resonance features within Ae. See Sect. 3.3.1.
Vb Applied bias to the sample. The tip is grounded in our system.

VCPD Contact Potential Difference voltage, equal to the work function difference between the tip and sample. See Sect. 3.6.2
Φ Work function of a material, defined as the energy required to remove an electron from the surface.
rtip Radius of the tip.
Id Displacement current, created by moving charges in the sample in the vicinity of the tip.
RJ The Joule resistance measured by the tip, the sum of sample resistance and system resistance.
Γ Damping coefficient of the losses between the tip and sample. See Sect. 3.6.3
ΓJ The Joule damping between the tip and sample. See Sect. 3.6.3
Itip Current measured by the STM tip.
Inoise Background noise of the STM current line. Typically ∼10 pA peak-to-peak in AFM mode.
Iosc Induced current within the tip, caused by the act of oscillating the tip in free space.

Table 3.1: Table of variables used to describe nc-AFM operation and data collection.
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3.1.1 Phase locked loop (PLL)

A phase locked loop (PLL) is a feedback control system where the phase output sig-

nal is related to phase of the input signal. A PLL is standard for FM-AFM where the

probe is driven at its resonant frequency and the system uses the measured oscillation

frequency to adjust z position to keep ∆f at the set point. The PLL makes use of the

instantaneous frequency which is defined as the time derivative of the phase. The PLL

compares the phase of the drive and detected signals, and keeps them fixed with re-

spect to each other by varying the drive frequency. In this way it keeps the drive and

amplitude frequency the same, and measures the frequency shift from its resonant fre-

quency, ∆f , required to do so. Tuning the PLL feedback is important because if the

PLL feedback is too slow it limits the height feedback speed and reduces the scanning

speed.

For completeness, we briefly describe amplitude-modulated AFM (AM-AFM). In

AM-AFM there is no PLL to keep the frequency of Vdrive and Ae locked. Instead, the

probe is driven at a constant frequency, slightly above f0 and both the frequency and

amplitude are allowed to vary as the probe interacts with the sample. This mode uses

the decrease in Ae for the z height feedback. This feedback method is more straight-

forward and is used more often in tapping or contact mode when the topography of

the sample is the main measurement of interest. In contrast, extracting the dissipa-

tion from this type of measurement is much more difficult since the frequency and
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amplitude information are convolved.

3.2 Fabricating qPlus probes for nc-AFM

In nc-AFM the probe measures the force between the tip and samples. It is worth

making and testing multiple tips to ensure the probe has a Q-factor of at least 1000

at room temperature. Additionally, it is good practice to perform test measurements

with a sample that is well understood such as gold or HOPG to calibrate the work

function of the tip and the internal damping.

An AFM probe consists of a macor base (the base can be any material, however

the best material will be electrically insulating but thermally conductive), two leaf

springs to hold the base in the head securely, and a thin but long macor post upon

which a tuning fork is mounted. A side view of the full probe in shown in Fig. 3.3 (a)

and (b). In a qPlus configuration one prong of the tuning fork is glued to the macor

post (Fig. 3.3 (c)) in the middle of the base and the other prong is allowed to oscillate

freely. Fig. 3.3 (e) shows a thin Pt-Ir wire is then attached to the free prong and is

either cut or etched to produce the tip of the AFM probe.

Fig. 3.3 (d) shows the electrical connections on the probe which are connected to

the head when the probe is loaded: the STM signal line, the AFM signal line, and the

AFM reference line, which is connected to ground. The AFM reference ground is the

same ground as the chamber, but can be a different ground if the chamber ground is
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Figure 3.3: A qPlus probe compatible with the RHK head (See Sect. 3.3). (a) A ‘front’ view
of the full probe, with the macor post in the middle. The tip is inside the red rectangle. The
AFM signal connection is indicated. (b) A ‘back’ view of the pull probe. The ground connection
(reference for the AFM signal) and STM connection are indicated. The tuning fork shown in (a)
and (b) are quartz tuning forks, adapted for nc-AFM. (c) An S1.0 qPlus tuning fork probe from
Nanosurf attached to the macor post with non-conducting epoxy. The qPlus-specific tuning
fork shown in (c) has the signal lines and contact pads deposited directly onto the quartz. Here,
we’ve wire bonded connections to the tuning fork pads, then used conducting epoxy to secure the
connection to the macor and subsequently the connections at the base of the probe (indicated
in panels (a), (b), and (d)). The GND connection goes to the other side of the macor post, in
order to stay separate from the AFM signal line. (d) Top view of the probe, with all signal line
connections indicated. (e) A tip attached to the end of the prong with conducting epoxy.
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too noisy. At this time, changing this ground would required some re-wiring inside the

head.

3.3 Our system: the ‘RHK’

We use a commercially purchased system from RHK Technology, a company that has

developed, designed, and manufactured advanced UHV SPM instruments since 1981.

Specifically, we use the PanScan Freedom model, which boasts 9 K temperatures using

a closed He cycle†. Here we refer to the PanScan Freedom as simply ‘RHK’since

that is the name the system has adopted within the lab. Base operating pressure of

the chamber is typically better than 7 ×10−10 Torr which is classified as ultrahigh

vacuum (UHV) and is used to keep the surface free of contaminants.

By using a closed He cycle, there is no need for cryogens, thus reducing operating

costs, and increasing up time on the system. Instead, the system uses ultrapure He

gas (99.999%). The gas is fed into a compressor which reduces the temperature of

the gas. This compressed gas is then pumped to an expander that extends down a

cavity on the top of the system, ending very close the the head where the probe and

sample are loaded. This cavity is not under vacuum, in fact it is slightly over pressur-

ized with more UHP He gas to a pressure of +0.5 psi. The expander allows the gas

to expand, but to do so requires heat, thus removing heat from the head of the sys-

tem and cooling it. The compressor and expander make up the cryo-cooling system,
†https://www.rhk-tech.com/products/panscan-freedom/
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and was purchased from ARS along with the purchase of the RHK. In addition to the

cryo-cooler there is a Lakeshore heater between the cold finger of the cryo-cooler and

the head. This heater can be turned on to counter-act the cooling provided by the

cryo-cooler, resulting in a range of possible measurement temperatures from 9 K (min-

imum temperature with the cryo-cooler on) to 400 K (maximum temperature with

the heater on). We use this capability to measure on VO2 above, below, and during

its IMT; from 220 K to 315 K.

We do note that the expander portion of the cryo-cooler introduces 2.4 Hz noise

into the system that needs to be either isolated or damped out. First, the expander’s

support system reduces the amount of weight put on the RHK. Due to space con-

straints the support frame is one-sided, with the expander overhanging from the side

of an upright structure. If possible, a more symmetric design, with two upright sup-

port structures on either side of the expander, could support the expander’s weight

better long-term and reduce the amount of noise introduced to the system. The sec-

ond aspect of isolation are a set of springs that hold the head. The head can be clamped

within the chamber to load and unload tips and samples, but can be suspended on

these springs during measurement. These are two important aspects to reducing all

sources of noise, specifically the 2.4 Hz noise, detected by the probe during measure-

ments.

The RHK is also designed for interchangeable probes within the head making it

easy to switch between an STM and an AFM probe. This design also makes it sim-
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ple to switch between different probes of the same type, which was useful for making

and testing multiple probes at once then choosing the best one for measurements. For

the purposes of this research we focus on using nc-AFM, and thus will focus on that

aspect of the system. The ability to quickly change probes is useful, however it intro-

duces the possibility of a probe not being held well mechanically. This can result in

different resonance curves by simply unloading and re-loading the same tip.

3.3.1 Determining the usable frequency range

We suspect our system has some non-homogenous driving effects as a function of fre-

quency. This would mean that at some frequencies it is easier or harder to drive the

tip, even off resonance, meaning an increase or decrease in the the drive voltage may

simply correspond to a particular frequency mode of the system, and not a true differ-

ence in tip-sample dissipation.

This frequency-dependent, apparent damping has been characterized for silicon can-

tilevers by Labuda et al.69. They propose a unitless, frequency-dependent calibration

factor ネ, “ne”, to correct for non-linearities when driving the probe, and outline the

steps within their report. We have attempted to calculate this calibration factor for

our qPlus sensors, but could not detect a good resonance by electrically exciting the

probe using the bias voltage. The difficulty of electrically driving a qPlus probe has

be documented by at least one previous study70. Lee et al. model the qPlus as a an

equivalent circuit with an inductor (L), resistor (R), and capacitor (C) all in parallel
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Figure 3.4: The equivalent circuit model for quartz resonators, such as a qPlus probe, adapted
from Lee et al.70. L, R, and C represent the vibrational motion of the probe, and Cs represents a
stray capacitance.

with another capacitor (Cs), shown in Fig. 3.4. From this, they derive the electrical

signal of the oscillation amplitude as a function of frequency (ω = 2πf) to be

Ae(ω) =
A0ω

Qω0
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(3.1)

where A0 is maximum of the resonance, Q is the Q factor, C0 = Cs/C, and ω0 =

1/
√
LC = 2πf0 and is equal to the resonant frequency70. We fit our resonance curves

to this model to determine frequencies that deviate from this well-behaved resonance.

We normalize the amplitude of the frequency sweep so that A0 is 1, then use Q, f0

and C0 as fit parameters. Fig. 3.5 shows a frequency sweep and fit to Eq. 3.1. The

fitting produces Q and f0 values that are within error of those determined by the R9

software during measurement. We then compare the fit and the amplitude data and

select cutoff frequencies where the data deviates from the fit. In Fig. 3.5 we show one

such data sweep with fit to Eq. 3.1, and denote the cut off frequencies above and be-

low the resonance with dotted black lines. Inside the dotted black lines is the range of
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Figure 3.5: A representative frequency sweep used to determine the range of good frequencies for
this probe. The data is fit to Eq. 3.1. We then set a cut off frequency where tails of the resonance
deviates from the fit by 5% of the value, discarding the data below (above) that cut off below
(above) resonance. The region inside the dotted black lines are the frequencies used throughout
this work for this temperature.

frequencies that adequately follow the model, and thus have little to no influence from

the drive-factor of our system ネ (f). We determine the cut-off frequencies for each

temperature, since ネ (f) may also be temperature dependent.

3.4 Approach and calibration

After loading a probe and sample into the head of the RHK, next step is to approach

the sample the tip. Initially this is done by eye with the coarse walker and a mag-

nifying video feed. However, once the tip and probe are a few less than mm apart

(estimated by eye) the final, ‘fine’ approach is completed by the software using the z

feedback. The z feedback uses a PI-loop on the measured current in STM mode, and

on the measured ∆f in nc-AFM mode.
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Approaching using AFM can be unreliable because the approach relies on the z

feedback, which for AFM relies on good PLL feedback settings, and the ∆f and phase

of the probe. Both the central frequency (f0) and phase can drift due to slight tem-

perature differences. For example, if the probe is loaded from room temperature but

the head and sample are at a different temperature, there is a thermal gradient be-

tween tip and sample which can affect the resonant frequency of the probe. Also, as

described in Sect. 3.3, coarse approach steps can shift the probe in its holder slightly,

but enough to alter the resonant frequency. If possible (i.e. if a tunneling current

can be achieved), it is recommended to approach in STM mode, then switch to AFM

mode once the probe is within the fine z movement of the scan tube.

When approaching in AFM (coarse or fine), bias sweeps are useful for determining

the probe is within range of electrostatic forces between the tip and sample. Electro-

static force are long range (up to ∼ µm) and present as a parabolic dependence in

both the frequency shift (inverted) or the drive voltage (up-right)‡. If the frequency-

bias or damping-bias curves are flat this indicates no, or very little, electrostatic forces,

implying the probe is far from the sample. Once the bias-sweeps show parabolic be-

havior this indicates the probe is within ∼ 100s nm of the surface, depending on the

sample-dependent strength of the electrostatic forces.

Once the sample is in range of the piezo scan tube, tune the PLL at the resonant
‡For more details on the electrostatic forces and CPD see Sect. 3.6.2
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frequency§, and calibrate the amplitude (See Sect. 3.4.1).

The final, and most useful sweep to determine tip-sample separation is the distance

sweep. While bias sweeps are useful for determining when the probe is within 100s

nm of the sample, the distance sweep is the only way to determine the tip-sample sep-

aration on the nm scale. Since nc-AFM measures forces between the tip and sample,

we expect the force-distance curve similar to the Lennard Jones potential††: a strong

repulsive force at the closest z, followed by a dip at some slightly further z separation,

as shown in Fig. 3.6. However, nc-AFM measures the tip-sample forces via ∆f in the

resonant frequency, which is proportional to the derivative of the force with respect to

z. The actual measured ∆f is shown overlayed on Fig. 3.6, with a similar behavior:

a steep repulsive regime at the closest z values (corresponding to a positive frequency

shift), and a minimum ∼ 3 nm (corresponding to the attractive regime).

3.4.1 Tip amplitude calibration

Within the RHK software, R9, the signal for the probe oscillation is called the ‘PLL

amplitude’ and is measured in V. We need to perform an amplitude calibration to

convert a voltage reading (typically 10s mV) to a physical amplitude (typically 100s

pm). We follow the calibration outlined by Dagdeviren et al.68. The method equates

the mechanical dissipation in free space (i.e. while not interacting with the sample)
§RHK provides a detailed tutorial here https://www.rhk-tech.com/support/

tutorials/
††See Sect. 3.6.1 for a full description of tip-sample forces
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Figure 3.6: Representative force-distance sweep showing the repulsive regime (z < ∼2 nm) and
attractive regime (z > ∼2 nm). The force is calculated from the corresponding measured ∆f -
distance curve using Eq. 3.16 in Sect. 3.6.1.

with the power supplied per cycle:

Ediss, mechanical = Psupplied/f0 (3.2)

2π

Q
× 1

2
kA2

osc =
1

2f0
VdriveIosc cosφ (3.3)

where Q is the Q-factor of the resonance, k and f0 are the spring constant and cen-

tral frequency of the probe respectively, Vdrive is the drive bias applied to the piezo,

and Iosc is the induced current due to the mechanical oscillation (See Fig.3.1 for refer-

ence).

We rearrange for Aosc, using the fact that at resonance the phase between the drive
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and measured probe is 0, so cosφ0 = 1.

Aosc =

√
VdriveIoscQ

2πf0k
(3.4)

Since Iosc ∝ Vdrive, then Aosc ∝ κ1Vdrive, where κ1 is the calibration factor between

the piezo drive (in mV) and mechanical oscillation amplitude (in nm). One could cali-

brate the amplitude to the drive, but it may be more useful to calibrate the measured

electrical amplitude signal, Ae (in mV), to Aosc. To do so, we recognize that Ae is re-

lated to Vdrive by a linear signal-to-drive gain value. As such, we arrive at

Aosc ∝ κAe, (3.5)

where κ is the calibration factor between electrical amplitude signal in mV and me-

chanical oscillation amplitude in nm68.

Using Eq. 3.4, calculate Aosc using probe parameters Q, k, and f0 measured through

a frequency sweep at each Vdrive. However, when determining current induced by tip

oscillation, we note that the current measured with the oscilloscope will include both

the background noise of the system and the induced current due to the tip oscillating,

Itip = Inoise + Iosc (3.6)

To extract Iosc from Itip we perform frequency sweeps at a minimum of four Vdrive val-
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Figure 3.7: A representative tip amplitude calibration. Ae values were read at set Vdrive values,
and Aosc values were calculated using Itip in Eq. 3.4. The slope is 0.0034232 nm/mV and is the
calibration between measured electrical amplitude in mV to mechanical oscillation amplitude in nm
for this probe, at this temperature.

ues, and use Itip as the peak-to-peak value of the oscilloscope, calculating a not-quite-

correct Aosc. We then fit the slope of the Aosc vs Ae plot to determine κ in Eq. 3.5, in

units of nm/mV.

3.5 Data collection: z-Vb maps

At each temperature we first found the surface using STM mode then switched to

constant amplitude nc-AFM mode and calibrated the tip (See Sect. 3.4.1). Once the

PLL was tuned, we found the surface using nc-AFM at Vb = 1.5 V and a set point of

around -1.5 Hz. We then performed a distance sweep to determine the position of the

tip relative to the sample. Once the characteristic inflection was found (as shown in

Fig. 3.6) we could safely assume we were within 5 nm of the surface of the sample.
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We saved a distance sweep with the inflection upwards and as much of the flat ∆f as

possible for drift correction (See Sect. 4.1).

After taking at least one good distance sweep, we ran a custom-made routine named

“V-z Spectroscopy” that moved the tip back 20 nm, then would iteratively perform a

bias sweep from +10 V to - 10 V and back to +10 V before stepping towards the sam-

ple by 0.2 nm and repeating. The system would repeat this process until stopped,

either manually or by the ‘Lock Guard’ within the PLL∗. This would occur when the

PLL could no longer feedback; typically when the probe was too close to the sample

such that the repulsive forces push the frequency too far from the resonant frequency.

For 290 K, 300 K and 315 K a step sized of 0.5 nm was used. At 300 K the initial

step back was 30 nm. This procedure resulted in anywhere between 30 and 100 bias

sweeps, depending on the step sizes used. Any discrepancy between the programmed

number of sweeps to reach the surface and the required number of sweeps could be

due to piezo drift or high electrostatic forces. We consider piezo drift in Sect. 4.1 and

find plays a small role in our measurements. More likely, the high electrostatic forces

achieved during a bias sweep disrupt the PLL’s ability to feedback at 10 V, compared

to the 1.5 V used to find the surface. Each bias sweep included a forward and back-

wards sweep, taking 20 s, with a full map taking approximately 30 minutes, up to an

hour. Within a full measurement the thermocouple reading nearest the sample would
∗The Lock Guard fully retracted the piezo if the PLL could not be locked into stable

feedback.
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drift by no more 0.4 K, but was typically closer to 0.2 K.

This entire procedure would be repeated at different probe oscillations amplitudes

(0.25 nm, 0.5 nm, and 1 nm), sample bias ramp rates (1 V/s, 5 V/s, 10 V/s, 20 V/s),

and locations (∼ 500+ nm away) on the sample before retracting the tip via the scan

tube, and allowing the sample to heat and stabilize once again.

3.6 Theoretical dependencies of the measured data

Here we consider the general behavior of the two measurement channels we have ac-

cess to: ∆f and Vdrive. We recall that the system also records the phase, oscillation

amplitude voltage, and current at each data point. The PLL is holding the phase con-

stant, and so should measure φ0. Any large deviations from φ0 can be used to quan-

tify the error on the measurement. We do not record any large deviations from φ0

within any of our data sets. Similarly, in constant amplitude operation, the oscillation

amplitude is being held constant at the set point through the PLL, which is also what

we observe in the data. The current signal can be used to detect tunneling current;

for all measurements here we detect 0 pA of current, within the baseline peak-to-peak

noise of the system of 5 pA.
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3.6.1 Forces between the tip and sample

The tip detects three dominating forces acting between the tip and sample: the close

range repulsive force, the mid- to long-range attractive van der Waals (vdW) forces,

and long-range attractive electrostatic forces. Each of these forces have different z

and Vb dependencies, allowing us to isolate the electrostatic forces by looking at bias

curves.

We base the repulsive force off of the well known phenomenological Lennard-Jones

model, which consists of a repulsive term proportional to z−12 and an attractive term

proportional to z−6. In this model the attractive term is derived from the vdW forces

between two particles, and the repulsive term is simply the square of that for com-

putational purposes. In reality, our system consists of a tip and a sample which will

have a different vdW attractive dependence. Specifically, we assume the tip is a sphere

with a conical base and, following the work by Kuhn and Rahe71 for the functional

form, we determine vdW force to be

FvdW(z) = −H

6

(
rtip
z2

+
rtip(1− sin θ)

z[z + rtip(1− sin θ)]
+

tan2 θ

z + rtip(1− sin θ)

)
, (3.7)

where H is Hamaker’s constant; defined specifically for vdW forces between two ma-

terials, rtip is the radius of the tip, and θ is the conical half-angle of the tip, defined

relative to the z direction.
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Hamaker’s constant, H132, is defined for two materials (subscripts 1 and 2) interact-

ing in a third material (subscript 3). For our experiment we know the tip is Pt, the

sample is VO2 and they are interacting in vacuum. Hamaker’s constant also has the

property that

H1V 2 =
√
H1V 1

√
H2V 2 (3.8)

where the subscript V symbolizes vacuum.

The tip material, Pt, is a well known metal and thus we can look up HPt−V−Pt

in a table: 4.55 ×10−19 J72. VO2 on the other hand is less comprehensively studied.

However, TiO2 is similar to VO2 in many ways and does have some tabulated values.

One paper reports HT iO2−V−T iO2 = 18.1 ×10−20 J73. A second paper lists the vac-

uum self-Hamaker’s constant for many ceramics and they all tend to fall in the range

10-20 ×10−20 J74. The TiO2 measurement included in this table is 15.3 ×10−20 J. Al-

though we do not have an exact measurement of HV O2−V−V O2 , given that ceramics

tend to fall in this narrow range, we use HV O2−V−V O2 = 18 ×10−20 J. Then using Eq.

3.8 we calculate Hamaker’s constant for our set-up to be about 0.3 aJ.

We chose a repulsive force of the form

Frepulsive(z) = Crepulsive exp(−z/τrepulsive), (3.9)

where Crepulsive is the strength of the repulsive force and τrepulsive is the length scale
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of the repulsive force75. In the canonical Lennard-Jones model the repulsive force is

completely phenomenological and so instead, we chose an exponential decay model

that allows us to tune both the strength and the length scale separately.

Finally, for electrostatic forces, we model the tip-sample junction as a capacitor

that varies with the tip-sample separation and oscillation of the tip. The electric po-

tential energy stored in a capacitor is U = 1
2C(Vb − VCPD)

2, and F = −∂U/∂z, giving

an expression for the electrostatic force

Fel(Vb, z) = −1

2

∂C(z)

∂z
(Vb − VCPD)

2 (3.10)

where we shifted the applied bias Vb, by the contact potential difference (CPD) VCPD

of the materials. The CPD corresponds to the minimum electrostatic forces between

the tip and sample and is equal to the difference in the work functions between the

materials. We explain the origin of CPD further in Sect. 3.6.2.

Putting the repulsive (Eq. 3.9), vdW (Eq. 3.7), and electrostatic forces (Eq. 3.10)

together, we write the full force between the tip and sample

F (Vb, z) = Crepulsive exp(−z/τrepulsive)

− H

6

(
rtip
z2

+
rtip(1− sin θ)

z[z + rtip(1− sin θ)]
+

tan2 θ

z + rtip(1− sin θ)

)
− 1

2

∂C(z)

∂z
(Vb − VCPD)

2

(3.11)
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Figure 3.8: Representative force-distance sweep showing the total force (Eq. 3.11) and each
individual force: repulsive (Eq. 3.9), vdW (Eq. 3.7), and electrostatic (Eq. 3.10). The sum of
the forces (orange) doesn’t exactly match the measured data (blue points) due to the difficulty of
accurately modeling the z dependence of the electrostatic forces.

We show the total forces detected by the tip and the individual components based on

this equation in Fig. 3.8.

The tip-sample forces will shift the resonant frequency, which is one of the raw data

channels we measure. For small oscillation amplitude (Aosc << z) the frequency shift

is related to derivative of the force76

∆f(Vb, z) = − f0
2k

∂F (Vb, z)

∂z
. (3.12)

This can also be seen in the Sader-Jarvis formula, Eq. 3.16 which we discuss in Sect.

3.6.1.

We write an expression for the bias-dependence of the frequency shift due to elec-
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trostatic forces in terms of the tip-sample separation z and applied bias, Vb,

∆fel(Vb, z) =
f0
4k

∂2C(z)

∂z2
(Vb − VCPD)

2, (3.13)

namely, we expect an inverted parabola, centered at the CPD voltage.

This derivation is very general up to this point, so let us specify the tip geometry

and calculate the resulting capacitance. The typical approach is to model the tip as a

sphere and the film as a plane77,78, with the resulting

∂C(z)/∂z = −2πϵ0rtip/z. (3.14)

Thus, we can model the measured frequency shift due to electrostatic forces as

∆fel(Vb, z) = −πϵ0rtipf0
2k

(Vb − VCPD)
2

z2
. (3.15)

Based on Eq. 3.15 we expect an inverted parabola in the ∆f -bias curves. From this

fitting we extract two important film-dependent quantities: the tip-sample capaci-

tance and the CPD voltage.
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Calculating the force from measured data: ∆f

To calculate the force from the measured frequency shift we use the Sader-Jarvis for-

mula79, which has the form

F (z) =
2k

f0

[∫ ∞

z

∆f(ζ)dζ +
A

1/2
osc

8
√
π

∫ ∞

z

∆f(ζ)√
(ζ − z)

dζ − A
3/2
osc√
2

∫ ∞

z

1√
(ζ − z)

(
d∆f(ζ)

dζ

)
dζ

]
,

(3.16)

where Aosc is the tip amplitude and ζ is the integration variable over tip-sample

separations at fixed Vb. This formula is the most accurate calculation of the

force. However, it may be useful to simplify the formula; namely a small am-

plitude and large amplitude approximation (as seen in Eq. 3.12). The small

amplitude approximation uses only the first term (∼ ∆f/f0), while the large

amplitude approximation uses only the last term (∼ A
3/2
osc ).

3.6.2 Contact potential difference (CPD)

The contact potential difference (CPD) is the bias value of the minimum of the

∆f -bias parabola, and corresponds to the minimum electrostatic force. Each

material has a work function (Φ), defined as the energy required to remove elec-

trons from the surface (Fig. 3.9 panel (i)). Here, the tip and sample are con-

nected via the bias line in the AFM. The tip and sample are therefore in ther-

modynamic equilibrium and their Fermi levels will align (Fig. 3.9 panel (ii)).
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Figure 3.9: Schematic of the origin of the contact potential difference (CPD). Panel (i) two non-
interacting materials each have a work function Φ defined as the energy required to remove one
electron from the surface to the vacuum. (ii) When the materials are brought to thermodynamic
equilibrium charges re-organize so that the Fermi energies are equal. This causes an imbalance of
charge and a net, macroscopic electrostatic force between the materials. (iii) A voltage opposing
the charge imbalance sets the electrostatic forces equal to 0, such that Vb = −VCPD.

This however causes an imbalance of charge and a net electrostatic force with

potential equal to (Φs − Φt)/e. To eliminate the electrostatic force we apply

a sample bias equal to the work function difference, the CPD voltage (Fig. 3.9

panel (iii)). The CPD voltge is equal to

VCPD = (Φsample − Φtip)/e. (3.17)

Furthermore, if we know the work function of our tip, then the work function

of VO2 is simply a linear shift from the measured CPD value:

ΦVO2 = eVCPD + Φtip (3.18)
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3.6.3 Dissipation between the tip and sample

The Joule dissipation (in eV/cycle) is equal to the power dissipated due to the

motion of charge within the sample induced by the motion of the tip, which is

shown in Fig. 3.1 (c). The average Joule power dissipated per cycle equal to

⟨PJ⟩ =
∫ 1/f

0

I2dRJdt, (3.19)

where Id is the displacement current, and RJ is the Joule resistance which is

equal to the full resistance of the sample and system67.

The displacement current is entirely due to the tip-sample capacitance, which

can be written as Id = ∂C/∂t (Vb − VCPD). The power equation becomes

⟨PJ⟩ =
∫ 1/f

0

(
∂C

∂z(t)

∂z(t)

∂t

)2

(Vb − VCPD)
2RJdt. (3.20)

We use z(t) = z+Aosc cos(2πft), ∂z(t)/∂t = 2πfAosc sin(2πft), and ∂C/∂z(t) as

defined in equation 3.14. Plugging these in and removing all constants from the

integral leaves:

⟨PJ⟩ = (4π2ϵ0rtipAoscf)
2RJ(Vb − VCPD)

2

∫ 1/f

0

(
sin(2πft)

z + Aosc cos(2πft)

)2

dt. (3.21)
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This integral has been solved elsewhere77, with the following result

⟨PJ⟩ = 16π4ϵ2r2tipf
2RJ(Vb − VCPD)

2 f

A2
osc

z
√

z2 − A2
osc√

z2 − A2
osc

. (3.22)

From classical mechanics of a damped, driven system, the power dissipated is

the v2Γ, where v is the velocity of the object and Γ is the damping coefficient.

Using the v = ∂z(t)/∂t for the velocity of the tip, and taking the average over

one period, the average power in terms of damping coefficient is:

⟨PJ⟩ = 2π2f 2A2
oscΓ. (3.23)

Using the small angle approximation where a << z, and
√
1− x ≈ 1 − x

2
we

arrive at

ΓJ(Vb, z) = 8π2ϵ2r2tipRJ
(Vb − VCPD)

2

z2
. (3.24)

Based on Eq. 3.24 we expect an upward parabola in the damping-bias curves,

with the opening proportional to the sample resistance.
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Calculating the damping coefficient from measured data: drive volt-

age

To calculate the damping coefficient, Γ, from constant amplitude FM-AFM data

we use

Γ(Vb, z) = Γ0

(
Vdrive(Vb, z)

Vdrive(z → ∞)
− ∆f

f0

)
(3.25)

Γ0 =
k

f0Q
≈ 1800 N/m

27 kHz × 1000
≈ 7× 10−5 kg/s (3.26)

where Γ0 is the internal damping of the tip and is related to the power required

to maintain the tip oscillation in the absence of any tip-sample interactions66.

3.6.4 drive-∆f

We notice that ∆f and ΓJ have the same z and Vb dependence (Eq. 3.15 and

3.24 respectively).

If we fit both the ∆f -bias and Γ-bias data to parabolas of the form ∆f(Vb) =

−α∆f (Vb − VCPD)
2 + β∆f and Γ(Vb) = αΓ(Vb − VCPD)

2 + βΓ, then α∆f =

πϵrtipf0/(2kz
2) for each z and αΓ = 8π2ϵ2r2tipRJ/z

2. Then we find that

αΓ

α∆f

=
8π2ϵ2r2tipRJ/z

2

πϵrtipf0/(2kz2)
=

16kπϵrtipRJ

f0
, (3.27)
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and

RJ =
f0

16kπϵrtip

αΓ

α∆f

, (3.28)

where αΓ and α∆f are nominally positive fit values.

Or, similarly, if we substitute −2k∆f/f0 (from Eq. 3.15) for πϵ0rtip(Vb −

VCPD)
2/z2 into the expression for Γ (Eq. 3.24) we find that if we plot Γ and ∆f ,

the negative slope of the would be proportional to the resistance,

ΓJ(Vb, z) =
−16kπϵrtip

f0
RJ ∆f(V, z) (3.29)

Hasan et al.67 performed a similar derivation for large tip amplitude, however

here we show the results hold for small amplitudes as well.

Physically, the Joule damping and frequency shift are related because both

the Joule dissipation and electrostatic forces are dependent on the displacement

current induced in the sample by the motion of the tip (Fig. 3.1 (c)). Mathe-

matically, the induced current comes from the respective dependencies on the

capacitance gradient: ∆f ∼ ∂2C/∂z2 and Γ ∼ (∂C/∂z)2, which are generic, and

hold in all small amplitude cases. However, the specific z dependence is only the

same because we assume (∂C/∂z) ∼ 1/z, which may not always be the case.
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4
Doping and dissipation measured across

the IMT in VO2

For nc-AFM measurements we grew a two VO2 samples on TiO2(001) on the

same day using the same growth conditions. We used a V flux of 1013 V atoms/(cm2·

s) and an O partial pressure of 2.5 ×10−6 Torr, depositing V for 1 hour, result-
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ing in a 10 nm thick film based on our results from Sect. 2.2. The substrate

temperature was held at 150◦C during growth and was ramped to 300◦C for 10

minutes after V deposition, all with same O pressure as V deposition.

The VO2 sample we study here was grown then transferred entirely in situ,

never being exposed to air between growth and nc-AFM measurements‡. The

second sample (Air Sample) was removed from vacuum, and XRD, and trans-

port were performed. These measurements are shown in Fig. 4.1, and confirmed

this sample was VO2 with change in resistance of almost 3 orders of magnitude

at 290 K, as expected. Both samples’ ex situ characterization are discussed in

more detail in Appendix A.

For the series of measurements presented in this chapter, we started on a gold

sample at 220 K. After confirming the expected behavior of ∆f and Vdrive as

a function of z and Vb on the gold, we loaded the VO2 sample into the micro-

scope. The sample sat at 220 K overnight to thermalize. We then took multiple

z-Vb maps at varying oscillation amplitude, V sweep rate, and locations. All

maps were self-consistent. We then warmed the system to 240 K, letting it ther-

mally stabilize overnight. We repeated the series of z-Vb map measurements,
‡Due to required fixes within the chamber, it was briefly transferred to a glove box (with

water oxygen index less than 1 part per million) for no more than two weeks before being
re-loaded in the UHV chamber of the RHK, after which the measurements presented in this
work were taken. More information is given in Appendix A
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Figure 4.1: Characterization of a copy of the film studied throughout Chapter 4. (a) XRD on
the Air Sample, with the peak position for bulk VO2(402̄)M (VO2(002)R) marked with a dotted
(dashed) black line and labeled with ‘M’ (‘R’). The peak position of the Air Sample is most consis-
tent with VO2(002)R. (b) Transport showing a 3 order of magnitude transition centered at 290.5
K (warming), marked with the dashed black line.

again finding consistent results. We continued in this manner at 255 K, 270 K,

290 K and 315 K. After 315 K, we loaded the same Au sample and repeated the

series of measurements to once again confirm the expected behavior of a known

sample.

After the final 315 K z-Vb map on gold, we loaded VO2 into the microscope

again and turned the heater off but left the cryo-cooler on to perform a tem-

perature sweep. During the temperature sweep we continuously measured bias

sweeps from +3V to -2 V, forwards and backwards, adjusting the tip position to

keep the max ∆f around −10 Hz. After the cooling sweep reached 220 K, the

heater was set to high power to sweep the temperature upwards and bias-sweeps

we repeated. After this series of measurements the sample was removed from
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vacuum and placed in a desiccator.

Three months later, to confirm the 290 K behavior, a second (previously un-

used) tip and the same VO2 sample we loaded back into the RHK. We once

again started with a known sample, this time HOPG, and confirmed metallic be-

havior. We then loaded VO2 into the microscope head and measured the same

series of z − VB maps at 300 K, with both the cryo-cooler and heater off. This

measurement was after the sample had been exposed to air, however we do not

expect this to affect the measurement80.

4.1 ∆f : drift correction

There are two drift corrections that we may have to apply to our data, and we

use to ∆f data to perform these corrections. The first is drift related to the

stability of the measured phase, φ, which may be due to thermal drift shifting

f0 or due to electronic drift within the PLL. As a result of the phase drifting,

∆f will be above or below 0 Hz far from the sample, at the CPD voltage where

the vdW forces should be ∼ 0. We can see this by looking at a z slice of ∆f

(dark blue line in Fig. 4.2). This z slice is taken at VCPD of the z-Vb map. The

light blue curve in Fig. 4.2 shows the linearly shifted ∆f with z, after correcting

for any offset far from the sample where ∆f should be 0.
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Figure 4.2: In the time between calibrating the probe and starting the z-Vb measurement we find
that the phase can drift, causing ∆f to shift by a few Hz. We correct for the phase, and subse-
quent ∆f , shift by shifting the whole z-Vb map by a constant such that the z slice at VCPD → 0.
Here, that shift is ∼ -1 Hz.

The second potential drift within the measurement is piezo drift due to the z-

Vb map taking a finite amount of time. In this case we typically ramp at 1 V/s,

meaning each z position takes 20 s, and a full dissipation map takes at mini-

mum 30 minutes. This drift would affect the apparent tip-sample separation,

stretching compressing the z axis in the z-Vb map. We can correct for this type

of drift by comparing the z-slice of the data at the set bias voltage to the ∆f in

the pre-map z-sweep. In Fig. 4.3 we show a representative ∆f -z measurement

taken before the dissipation map in orange, and the corresponding z slice both

before (dark blue) and after (light blue) the piezo drift factor. The correction

shown here is a factor on the measured z of 0.9, highlighting that the effect of

piezo drift on our measured z is typically quite small, and that we are able to

79



1 2 3 4 5 6 7 8
Tip-sample separation (nm)

1.5
1.0
0.5
0.0
0.5
1.0
1.5
2.0
2.5

f (
Hz

)

z slice of f at CPD
piezo drift corrected z slice of f at CPD
pre-measurement f-z

Figure 4.3: We show the ∆f -z curve taken before the z-Vb measurement and the corresponding
∆f -z slice from the z-Vb map (both at 1.5 V). In this map we estimate piezo drift has shortened
the apparent z values by up to 10%, and show the corresponding piezo drift corrected ∆f -z slice
in light blue. This temperature had the largest piezo drift with a 0.9 correction factor on z, while
other temperatures had a factor closer to 1, highlighting the small effect of piezo drift on these
measurements.

correct for it.

4.2 Force: sample position, work function, and doping

As outlined in Sect. 3.6.1, we calculate the force between the tip and sample

by integrating ∆f with respect to z at each applied bias, creating a force map

over the same z and Vb range. We then use the force in three ways: first to de-

termine the sample position by fitting, second to determine the work function of

the sample, and third to calculate the tip-sample capacitance.
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4.2.1 Fit the sample position using force-distance curves

To determine the sample position relative to the tip we fit the force-distance

curves at the VCPD to the short-ranged repulsive forces and attractive vdW

forces, as in Eq. 3.11 (See Sect. 3.6.1). We use VCPD such that the electrostatic

forces are 0. Fitting the repulsive and vdW forces to accurately determine the

sample position is necessary to compare quantitative behaviors at similar tip

heights between data collected at different temperatures. To determine VCPD

we fit the force-bias curves to a parabola of the form defined by Eq. 3.10 and

extract VCPD at each z. We see a slight z dependence to the CPD at each tem-

perature, which we discuss in more detail in Sect. 4.2.2. For the purpose of the

force-bias fitting we take the average of VCPD for z > 10 nm and assume the

electrostatic forces are negligible within the observed variation of 0.1 V.

The z data collected is the z position of the probe relative to the piezo scan

tube, and therefore must be converted to tip-sample separation. To do so, we fit

to Eq. 3.11 where z is replaced with z − zs, where zs is the relative sample posi-

tion, such that z is the tip-sample position. Fig. 4.4 shows one such fit where zs,

Crepulsive, τrepulsive, rtip, and θ are fit parameters. We determine the the relative

sample position zs, giving us an accurate tip-sample spacing z. The fitting also

allows us to extract the radius of the tip. We fit the tip radius at each tempera-
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Figure 4.4: Representative force-distance curve with fit to vdW and repulsive forces (Eq. 3.11)
at Vb = VCPD to determine sample position and tip radius. The vdW force used here models the
probe as a sphere with conical sides. Our real probe may not be a perfect cone or sphere, leading
to an under-estimation of the attractive force around 3 nm. We have considered a sphere and a
cone separately, but the model that considered the sphere and cone together best describes the
data.

ture, and find the average and standard deviation across all temperatures to be

28 ± 3 nm†.

In theory we could fit the force-distance curves at arbitrary voltages to deter-

mine the electrostatics forces. In practice this is quite difficult since the z de-

pendence of the electrostatic forces depends on the tip-sample geometry via the

tip-sample capacitance. In practice it is much easier to determine the tip-sample

capacitance (and subsequent magnitude of the electrostatic force) by fitting the

force-bias curves, which we discuss in Sect. 4.2.3.
†At 300 K we estimate rtip to be half that of the other temperatures. This data set was

measured with a different tip, and so is not unreasonable.
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Figure 4.5: Representative force-bias curve with fit to Eq. 4.1 to determine VCPD. We repeat
this fitting at all z and report the average work function within each temperature in Fig. 4.6 using
Eq. 3.18.

4.2.2 Measure the work function of VO2 using CPD voltage

Based on Eq. 3.10 we expect an inverted parabola in the force-bias curves, offset

from 0 V by the CPD voltage (see Sect. 3.6.2). At each fixed tip-sample separa-

tion we fit the force-bias curve to a parabola of the form

F (Vb) = −αF (Vb − VCPD)
2 + βF (4.1)

where αF , VCPD, and βF are fit parameters, where αF = −1/2 ∂C/∂z (Eq. 3.10)

and βF is due to the bias-independent vdW and repulsive forces (Eq. 3.11). An

example fit shown in Fig. 4.5.

To calculate the work function of VO2 we use Eq. 3.18, but we first need to

determine the work function of the tip. We calibrate the work function of the
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tip by performing the parabolic fitting from Eq. 4.1 on the z-Vb maps taken on

a gold sample at 220 K. Au(111) has a known work function of 5.3 ± 0.06 eV81,

whereas amorphous gold can have a lower work function, of around 5.1 ± 0.1

eV82. Here, we take the work function of gold to be 5.2 ± 0.1 eV, and measure

the CPD between the tip and gold to be 0.58 ± 0.06 V. Using these values we

rearrange Eq. 3.17 to calculate the work function of the tip:

Φtip = ΦAu − eVtip-Au

Φtip = 5.2± 0.1 eV − 0.58± 0.06 eV

Φtip = 4.6± 0.1 eV,

(4.2)

which is similar to, but lower than, previously published work using Pt-Ir tips of

5.0 eV80 and 4.86 eV83.

At each T we take the average of the CPD from all z, and take the standard

deviation to be the error. We then add the tip work function of 4.62 eV to cal-

culate the work function of VO2 at each temperature. In Fig. 4.6 we show the

bulk transport for the Air Sample† (a) and the work function at each temper-

ature in dark red in (b). We also report the work function from extracting the

CPD from temperature sweep (cooling and warming), which has a finer tem-
†Air Sample is the copy sample for which we used the ex situ transport as a proxy for our

in situ sample. For more information see Appendix A.
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perature resolution, but may not be the exact temperature read on the ther-

mocouple. This is our first evidence that we are observing the transition: the

work function is ∼ 0.2 eV higher in the insulating state than in the metallic

state, and the drop in work function happens between 290 K and 300 K while

warming. This change in the work function through the IMT is in great agree-

ment with previous work using Kelvin probe force microscopy (KPFM) on a

VO2(002)R oriented film grown on TiO2 (001)80,84. Rodríguez et al reported

ΦVO2 of 5.3 eV in the insulating state and 5.1 eV in the metallic state80, and

Sohn et al. reported ΦVO2 of 5.1 eV in the insulating state and 4.95 eV in the

metallic state84.

We now investigate to the z dependence of the work function of VO2 within

each temperature. In Fig. 4.7 (a) we show the work function at each fixed z

across all temperatures. Nominally, the work function is a static surface prop-

erty, however, in our data we find it shifts slightly with tip-sample separation.

Based on the temperature sweep, we expect a decrease in the work function of

∼ 0.2 eV as the film transitions into the metallic state. We see little to no varia-

tion in the CPD at the two highest temperatures, 300 K and 315 K, potentially

because these two samples are in the metallic state for the entire measurement,

and thus we observe no change in the work function. Similarly, at 220 K we see
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Figure 4.6: (a) Bulk transport of the Air Sample (the copy film), assumed to approximate the
bulk transport of the film studied in vacuum throughout this Chapter. (b) The work function of
VO2 at each temperature, measured in situ and calculated by adding VCPD and Φtip according
to Eq. 3.18. VCPD was extracted from force-bias curves by fitting to Eq. 4.1, and Φtip = 4.62 eV
(Eq. 4.2).
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Figure 4.7: (a) The z dependence of the work function at each temperature, calculated by adding
the VCPD to the work function of the tip, according to Eq. 3.18. VCPD was determined from fit-
ting the force-bias curves to the Eq. 4.1 at each z. (b) The inflection point of the work function
change at each temperature. We see no inflection at 220 K, 300 K, and 315 K due to the sample
staying insulating (metallic) throughout the measurement at 220 K (300 K and 315 K). Measure-
ments taken close to, but below the bulk TIMT exhibit a lowering of the work function due to tip
proximity. This effect is suppressed for lower temperatures, with the lowest temperature, 240 K,
requiring a much closer z and therefore higher electric field, than the other temperatures.

no decrease in the work function, indicating the film is insulating for the full

measurement. However at 240 K, 255 K, 270 K, and 290 K there is some z at

which the work function starts to decrease. We tabulate the start of the work

function inflection in Fig. 4.7 (b), picked out using panel (a). We find at 240 K

a much closer z, and therefore higher field, is required than for 255 K, 270 K,

and 290 K, which are closer the the bulk TIMT.

4.2.3 Fit the tip-sample capacitance using force-bias curves

As discussed in Sect. 3.6.2, VCPD is the voltage where there are no electrostatic

forces. However, the z dependence to the work function indicates the field be-

tween the tip and sample may be playing a role in the changing work function.
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Figure 4.8: (a) Representative force-bias data with parabolic fit to Eq. 4.1 to determine ∂C/∂z
at fixed z. (b) z dependence of the extracted ∂C(z)/∂z at each temperature.

In order to better understand the effects of the electric field we calculate the

tip-sample capacitance which mediates the electric field between the tip and

sample.

From the same parabolic fitting (Eq. 4.1), we now look at αF at each z within

each temperature, which is proportional to ∂C/∂z. A representative fit is shown

in Fig. 4.8 (a), with panel (b) showing the z dependence of ∂C/∂z at each tem-

perature.

Next, we look to integrate ∂C/∂z over z to calculate the tip-sample capac-

itance. We notice that ∂C/∂z → 0 at the furthest measured z value of each

temperature, however we expect ∂C/∂z → 0 as z → ∞. This is due to the fact

the the force is in integral of ∆f over z, and so requires an integration factor

at each Vb. Ideally, we would have measured out to further z values, where the

∆f -bias sweep was truly flat, capturing ∂C/∂z → 0 within our data. As a work
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around, we include an offset as a fitting parameter, Coffset. Another way to see

the necessity of the offset is to start with the ∆f -bias parabolas, and extract

∂2C/∂z2 in Eq. 3.13, where each integration stage requires an integration factor.

After the first integration, without an integration factor, we recover the values

extracted from fitting the force-bias parabolas, but need the integration factor

to accurately report the values of ∂C(z)/∂z.

Typically one assumes ∂C/∂z = −2πϵ0rtip/z, however this is an approxi-

mation of the capacitance for a sphere and a plane for z << rtip
85. While the

approximation is valid for the z ranges we use, it means that the value of the in-

tegration will depend on how large of z we integrate to, since ∼ −1/z integrates

to ln 1/z which is not bound.

To ensure the correct magnitude of the capacitance we model the tip as a

sphere with conical sides and the sample as a plane, as shown in Fig. 4.9 (a).

We include the conical sides of the tip because electrostatic forces are long range,

so the sides of the tip can contribute a significant amount to the electrostatic

forces measured. We use a model of the form

∂C

∂z
= −2πϵ0

[
rtip

z

1

1 + z
rtip(1−sin θ)

+
1

ln2 tan θ/2
×(

ln

[
z + rtip(1− sin θ)

H + rtip(1− cot θ)

]
− 1 +

1 + 1/ sin θ

1 + z
rtip(1−sin θ)

)]
+ Coffset

(4.3)
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reported by de Voogd et al.86 where θ is the opening of the cone, H is the height

of the conical section of the tip and is equal to W/ tan θ where W is the maxi-

mum width of the cone, equal to the radius of the fully cylindrical part of the

wire tip, as shown in Fig. 4.9 (a), and Coffset is the integration factor required

from calculating the force from ∆f through integration.

We fit the extracted ∂C/∂z to Eq. 4.3, treating θ, H and Coffset as fit parame-

ters. We do not treat rtip as a fit parameter, instead using the value determined

through fitting the force-distance curves in Sect. 4.2.1. The fit at each tempera-

ture is shown in Fig. 4.9 (b), which has been offset by Coffset. We integrate the

∂C/∂z from closest z to 20 µm (to approximate z → ∞), which is shown in

Fig. 4.9 (c). Panel (d) shows the same C(z) data as panel (c) at a smaller scale

to differentiate the z variation at the lower temperatures.

We calculate a tip-sample capacitance on the order of 100s aF for most tem-

peratures, with 315 K having a tip-sample capacitance ∼ 2000aF . Capacitances

∼ 100s aF is around two orders of magnitude larger than other literature values:

< 1 aF in both a pendulum87 and cantilever geometry88, ∼ 1 aF for a theoreti-

cal truncated cylindrical tip89, or ∼ 2 aF for monolayer of mica67. We attribute

the large difference to strong electrostatic forces from the conical sides of the

tip.
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Figure 4.9: (a) Geometry of the tip considered to determine the tip-sample capacitance. (b)
∂C(z)/∂z + Coffset as a function of z, such that ∂C(z)/∂z → 0 as z → ∞, determined through
fitting to Eq. 4.3. (c) Integrated ∂C(z)/∂z from closest z to 20 µm. (d) Same data as (c), with a
reduced y-axis scale to differentiate the low capacitances.
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4.2.4 Carrier density

Next, we use the tip-sample capacitance at each z and (Vb − VCPD) to calculate

the the charge induced within the sample (as discussed in Sect. 3.1, specifically

Fig. 3.1 (c)), using Q(z, Vb) = C(z)(Vb − VCPD). To calculate the carrier density

we define the region in the vicinity of the tip where the charge accumulates. We

assume the radius of the induced charge is z independent over the z range we

measure (z < 30 nm) and is equal to twice the tip radius, similar to the effective

area assumed for a sphere-plane configuration with z ∼ rtip
†. We assume a con-

stant depth of charge of 2 nm, or about 7 unit cells along cR for each tempera-

ture††. Using this volume, we calculate the z and Vb dependent carrier density

at each temperature. In Fig. 4.10 (a) we show the resulting carrier density at

fixed Vb − VCPD = 1 V, and z at 3 nm, 8 nm, and 13 nm for each temperature.

There is little z dependence on the carrier density over the z range measured.

For all temperatures, we calculate a carrier density on the order of 1020 cm−3,

but see an increase of about 5× at higher temperatures starting around 290 K,
†At 300 K we estimate rtip to be half that of the other temperatures, which affects the

density calculation more than the other temperatures.

††We are currently working on some calculations that estimate the Debye length to be ≲
1 nm. Here we use 2 nm to equal an integer number of unit cells. If the depth is the same at
each temperature, then changing the depth is simply a linear re-scaling of the density. We
may use a temperature-dependent depth if we can accurately model how it changes through
the transition, which would affect each temperature differently.
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Figure 4.10: (a) z and (b) Vb dependence of the carrier density in the sample induced by the tip,
calculated from fitting and integrating ∂C/∂z in Eq. 4.3, which were extracted from the force-bias
curves using Eq. 4.1. We se a much stronger Vb dependence than z dependence in the induced
charge. For fixed bias, we see a ∼5× increase in the induced carrier density at higher tempera-
tures, starting at 290 K.

coinciding with the bulk TIMT. This electron density is higher than reported

carrier densities in the insulating state30,90, and larger than carrier densities ob-

served to trigger the transition30. Based on our calculated carrier density it is

possible the field from the tip is inducing sufficient charge to cause the transi-

tion in the surface of the film below the bulk TIMT of 290 K. Taken together

with the z dependent work function (Sect. 4.2.2), these results corroborate that

we observe the IMT, at least on the surface, as low as 240 K.

In Fig. 4.10 panel (b) we show the resulting charge density for fixed z = 8 nm

and Vb − VCPD at 0.25 V, 1 V, and 2.5 V, for each temperature. There is a much

stronger Vb dependence than z dependence over the z range measured here. The

general trend at fixed Vb−VCPD across temperatures is preserved; we see a raised

induced charge density by about 5× at higher temperatures, starting at 290 K.
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We see the highest charge density at 315 K, with a maximum around 5 × 1021

cm−3 at 10 V. From the work function measurements we expect the sample to

be fully metallic at this temperature, and the maximum induced charge density

at 10 V is close to typical measured metallic state charge density of ∼ 1022−1023

cm−3 19,30.

4.3 Drive voltage: damping coefficient and dissipation

Having quantified the induced charge that has accumulated in the vicinity of

the tip, we now consider the effects of the tip oscillating: Joule dissipation and

the corresponding damping. We calculate the damping coefficient from mea-

sured Vdrive as per Eq. 3.26, using tip-specific parameters for f0 and Q deter-

mined through a frequency sweep (as in Fig. 3.2), and k = 1800 N/m. In Fig. 4.11

we show a representative damping-bias curve at z = 8 nm at each temperature.

Based on Eq. 3.24 we expect up-right parabolic behavior in the damping-bias

curves, however between 270 K and 300 K (around bulk TIMT) we see inverted

behavior; a curve that has the highest damping at low applied bias and compar-

atively lower damping at high applied bias.

In order to quantify the Joule damping coefficient we fit the damping-bias
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Figure 4.11: Calculated damping-bias curves for each temperature at z = 8 nm. (a) Damping on
gold at 220 K, (b) - (h) Damping on VO2 at: (b) 220 K, (c) 240 K, (d) 255 K, (e) 270 K, (f) 290
K, (g) 300 K, and (h) 315 K. These curves show and overall higher damping of 2 ×10−6 kg/s on
VO2 below 270 K, consistent with being in an insulating state, and lower damping above 290 K,
consistent with being in a metallic state.
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Figure 4.12: (a) A representative damping coefficient-bias curve with parabolic fit to the form
Eq. 4.4. (b) z dependence of the quadratic fit parameter, αΓ in Eq. 4.4, at each temperature.
Nominally αΓ is a positive fit parameter, suggesting we should reasses our assumptions, and take a
closer look at the data from 270 K, 290 K, and 300 K.

curves to a parabola using the form

Γ(Vb) = αΓ(Vb − VCPD)
2 + βΓ, (4.4)

where αΓ, VCPD, and βΓ are positive fit parameters. Similar to the force-bias

curves, the offset at βΓ corresponds to damping due to vdW forces, which have

no bias dependence91. We fit a parabola at each z and temperature, showing a

representative fit Fig. 4.12 (a). In panel (b) we present the fit parameter αΓ as a

function of z at each temperature.

Both in the raw data in Fig. 4.11 and in the parabolic fit parameter extracted

from the fits (Fig. 4.12 (b)), the damping parabola opens downwards between

270 K and 300 K (and therefore αΓ < 0). This is counter-intuitive to the logic of
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Joule dissipation; larger biases induce more charges within the film, leading to

higher Joule dissipation. We recall that the force-bias data followed the theory

well; the capacitance gradient as a function of tip-sample spacing could be well

modeled by Eq. 4.3. Therefore, we can be confident that within a bias sweep at

fixed z the capacitance is constant and the carrier density in the sample larger

at higher biases, precisely as shown in Fig. 4.10 (b). The final assumption it

that more charges would cause higher Joule dissipation, which assumes the re-

sistance is constant. The derivation for Joule dissipation assumed a constant re-

sistance within a bias sweep, however based on previous discussions of the work

function (Sect. 4.2.2) and carrier density (Sect. 4.2.4), we suspect VO2 exhibits

a an IMT around 290 K, resulting in a large drop in the resistance around this

temperature, even within a bias sweep.

For the damping-bias curves where we observe inverted behavior, we conclude

we observe a changing resistance; if the resistance is rapidly decreasing with ap-

plied bias the total Joule dissipation detected by the tip could also appear to

decrease. One such example, with hypothetical vdW and Joule dissipation, is

shown in Fig. 4.13. While this apparent −V 2 behavior can be shown to be con-

sistent with a decreasing resistance, there are too many unknown parameters to

accurately fit the data to this model and be confident in any extracted param-
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Figure 4.13: Theoretical damping coefficient as the result of a phase change within a bias sweep.
The resistance is modeled as a sigmoid transition between the insulating and metallic state, with
a factor of 10 resistance change between the states, occurring at 3 V with a 1 V width. This toy
model also assumes a factor of 10 change in the vdW dissipation (resulting in a constant damping
offset) between the insulating and metallic state.

eters (such as resistance change or threshold voltage). For example, the differ-

ence in vdW forces plays a large role in inverted parabola behavior shown here,

but would be impossible to accurately fit without more information.

Because we may not be able to extract meaningful parameters from the parabolic

fits at all temperatures, we look to the damping coefficient data for trends.

Looking back at Fig. 4.11 we notice the maximum value of the damping coeffi-

cient at the lowest temperatures (nominally in the insulating state) is generally

larger than the damping coefficient at higher temperatures.

In Fig. 4.14 we show the damping at various z and Vb, similar to the carrier

density in Fig. 4.10. In panel (a) we show the damping coefficient at Vb = VCPD

for z at 3 nm, 8 nm, and 13 nm. We notice that the damping coefficient is ∼
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Figure 4.14: (a) Damping coefficient at Vb = VCPD and z at 3 nm, 8 nm, and 13 nm. We the
damping has a stronger z-dependence at 240 K, 255 K, and 270 K; right below the bulk TIMT.
(b) Damping coefficient at z = 8 nm and Vb at VCPD, VCPD+ 2.5 V, and VCPD +5 V. In the Vb

dependence we again see inverted damping behavior 270 K, 290 K, and 300 K.

10−6 kg/s, which is on the same order of magnitude as reported by Hasan et

al.67. We also see the damping is approximately 4× larger at 270 K than all the

other temperatures at VCPD, however this difference decreases both with z and

Vb (shown in Fig. 4.14 (b)), indicating there is some non-Joule damping occur-

ring at VCPD at the 270 K that is less pronounced than the other temperatures.

We also notice in Fig. 4.14 (a) that at 240 K, 255 K, and 270 K the damping

has much stronger z dependence than at other temperatures, indicating that the

damping measured at these temperatures is more strongly electric field depen-

dent than at the other temperatures. Interestingly, these are the same tempera-

tures, just below TIMT, that showed the largest change in the work function with

z as well (recall Fig. 4.6), more evidence that the proximity of the probe may be

causing a partial transition in the surface of the film.
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Finally, we look at the bias dependence of the damping coefficient, shown in

Fig. 4.14, we fix z at 8 nm and increase Vb from VCPD to VCPD+5V. As expected

from the raw data, increasing the bias at 270 K, 290 K, and 300 K results in a

lower damping.

4.4 Conclusion

First, the decrease in average work function above 290 K (Fig. 4.6) suggests

that we observe the IMT in VO2. The damping at each temperature is also con-

sistent with decreasing resistance between 270 K and 300 K, only slightly below

the expected bulk TIMT of 290 K. The lowered temperature measured via nc-

AFM may be due to local variations within the sample, or it may be a result

of the proximity of the probe and the resulting induced charge. The induced

carrier doping that we calculate from the tip-sample capacitance increases at

temperatures above 290 K, consistent with the metallic state (Fig. 4.10). Our

calculated induced charge in the insulating state is consistent with previously

reported threshold densities reported to cause the transition30. To further study

the effect of the electric field we look to the z dependence of the work function

and damping. The z dependence of the work function shows a decrease at close

z for temperatures as low as 240 K (Fig. 4.7), suggesting that close tip prox-
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imity and the resulting high electric field can initiate the transition, at least in

the surface of the film, below the bulk TIMT. Additionally, the z dependence of

the damping (Fig. 4.14) demonstrates a stronger z dependence on the damping

between 240 K and 270 K as compared to the other temperatures, consistent

with the changing work function with z results, and reinforcing the idea that

the probe itself is instigating some aspects of transition, such as decreasing the

work function, at close z and up to 50 K below the bulk TIMT.
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A
Ex situ characterization of the film

studied via nc-AFM

Scanning probe techniques, such as nc-AFM, are highly surface sensitive. As

such, if possible, samples will be grown in vacuum then transferred to the mi-

croscope entirely in vacuum to prohibit carbon or oxygen from contaminating
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the surface of the sample. This is precisely what we did; we grew the sample

in vacuum using MBE, then transferred it to the UHV of the nc-AFM entirely

in situ. However, we did not have the capability to pattern contacts and per-

form transport measurements in situ to confirm a bulk IMT. We therefore grew

two samples on the same day under the same growth conditions; the first was

removed from vacuum to perform ex situ film characterization and the second

was transferred to the microscope. The first of which, called the Air Sample,

was removed from vacuum and the film characterization techniques described

in Chapter 2 were performed: XRD, XRR, transport, and tapping AFM. All

measurements confirmed the sample was VO2, and showed a 3 order of magni-

tude transition in the resistance around 290 K. The second growth, called the

Vacuum Sample, was then transferred in situ to the RHK, and is the sample

studied with nc-AFM in Chapter 4.

Fig. A.1 and Table A.1 outline the timeline of events for both of these sam-

ples. These samples were grown in June 2021, and the Air sample was imme-

diately removed from vacuum and bulk characterization measurements were

performed: XRD, XRR, AFM topography, and preliminary transport was per-

formed by reading the voltage from a Keithly while the sample was cooled to

270 K in a freezer. A year after growth we used a liquid nitrogen dipper probe
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to more accurately measure the transition on the Air Sample.

In the mean time, we collected two sets of temperature-dependent, z-Vb data

on the Vacuum Sample only a few months after growth. However these data

sets had some drawbacks, the largest of which is that we never reached suffi-

ciently high temperature to reach the expected bulk metallic behavior in the

VO2 sample. In the fall of 2022 the RHK underwent repairs that required a

vent. To keep the Vacuum Sample free of contaminants from the atmosphere

we transferred the sample to a glove box for less than two weeks. It was then

loaded back into the RHK and the third, and final set of temperature-dependent,

z-Vb measurements were performed, this time reaching a definite metallic state

temperature of 315 K. The sample was removed from the RHK, believing vac-

uum measurements were complete. After some preliminary analysis on the data

from fall 2022, we decided to verify the inverted dissipation spectroscopy ob-

served at 270 K and 290 K. The Vacuum Sample was loaded back into the RHK

chamber, without a bake, and data was collected at 300 K. We first measured

on HOPG, then switched to the Vacuum Sample. This data was consistent with

the 290 K behavior on VO2, confirming the inverted dissipation behavior. The

Vacuum Sample we removed again, and a short time later bulk characterization

was performed.
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Figure A.1: Timeline of the Air and Vacuum Samples.

Month, Year event
June, 2021 Both Air Sample and Vacuum Sample grown using oxide MBE
June, 2021 XRD, XRR, AFM topography and preliminary transport collected on Air Sample.
Sept, 2021 Preliminary nc-AFM data collected on Vacuum Sample. Highest T = 286K,

The data collection was non-monotonic in temperature
Feb, 2022 Secondary nc-AFM data collected on Vacuum Sample. Highest T = 297K.
June, 2022 Transport data collected on Air Sample using a liquid nitrogen dipper.
Oct, 2022 Vacuum Sample transported to a glove box for repairs on RHK requiring a vent.
Nov, 2022 Final nc-AFM data collected on Vacuum Sample, presented in Ch. 4.
Dec, 2022 Vacuum Sample removed from vacuum and placed in a desiccator
Feb 2023 Vacuum Sample re-loaded and data at 300 K is collected.

Vacuum Sample removed from vacuum.
March 2023 XRD, XRR, AFM topography and transport (PPMS) performed on Vacuum sample.
March 2023 Transport (PPMS) performed on Air Sample.

Table A.1: Timeline of the Air and Vacuum Samples.

After measuring transport on the Vacuum Sample, we re-measured the resis-

tance of the Air Sample once more using the PPMS, confirming it still showed a

transition.

First we show the XRD and transport results for the Air Sample in Fig. A.2

taken June 2021 and March 2023 respectively, which we show in Chapter 4 as

an approximation of the bulk properties of the Vacuum Sample.

Over the course of 20 months we performed three separate transport mea-

surements on the Air Sample, all of which show an almost 3 order of magnitude

change in the the resistance at 290 K. In Fig. A.3 we show all three transport
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Figure A.2: Characterization of the Air Sample showing VO2 with a 3 order of magnitude IMT.
(a) XRD for the Air sample with the peak position for bulk VO2(402̄)M (VO2(002)R) marked
with a dotted (dashed) black line and labeled with ‘M’ (‘R’). The peak in the data is consistent
with VO2(002)R. (b) Transport showing a 3 order of magnitude transition centered at 290.5 K
(warming).

measurements taken on the Air Sample. First resistance measurements were

taken in June 2021, immediately after growth, by reading the voltage from a

Keithly while the sample was cooled to 270 K in a freezer, which we assumed to

be a good approximation of the characteristics of the Vacuum Sample inside the

RHK. Second, transport measurements were performed in June 2022 with a liq-

uid nitrogen dipper connected to a computer, which more accurately read the

temperature and resistance. Finally, the resistance was re-measured at the same

time as Vacuum Sample using a PPMS. All of these resistance measurements

are very consistent with each other, meaning there has been little to no change

in the film over the course of almost two years stored in a desiccator at ambient

pressure and temperature.

After the nc-AFM measurements were taken, we removed the Vacuum Sam-
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Figure A.3: Transport on the Air Sample over the course of almost two years, showing extremely
consistent resistance measurements over three different modes of measurement: manually reading
a Keithly in June 2021, a liquid nitrogen dipper in June 2022, and a PPMS in March 2023.

ple from UHV and performed XRD, XRR, AFM topography, and transport. In

Fig. A.4 we show the XRD and the transport, both taken March 2023. Unfor-

tunately, we do not observe a peak in the XRD corresponding to VO2(002)R

or VO2(402̄)M nor a bulk transition in the transport of the Vacuum Sample be-

tween 200 K and 360 K.

In Fig. A.5 we look at the XRD of both samples more closely, and confirm

that in the Vacuum Sample there are no peaks, and so there is no crystallized

film at the time of the XRD measurement. The Air Sample data is from June

2021, and shows one peak corresponding to VO2(002)R, indicating the film is

single-phase VO2.

The XRR on both samples are shown in Fig. 2.3, which was taken in June

2021 for the Air Sample and March 2023 for the Vacuum Sample. The XRR on
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Figure A.4: XRD and transport characterization of the Vacuum Sample. (a) XRD of the region
we expect to see the VO2(002)R peak, with the peak position for bulk VO2(402̄)M (VO2(002)R)
marked with a dotted (dashed) black line and labeled with ‘M’ (‘R’). The data for the Vacuum
Sample shows noise, indicating there is no crystallized film. (b) Transport showing no IMT, only
2-3 kΩ resistance between 200 K and 360 K.
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Figure A.5: Full XRD of both the Air Sample and Vacuum sample. The Vacuum sample shows
no peaks besides substrate peaks, indicating there is no crystallized film at the time of measure-
ment. The Air Sample shows only the VO2(002)R peak in addition to the substrate peak. Inset:
zoom of 60◦ to 70◦, highlighting the region where we expect the VO2(002)R peak.
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Figure A.6: XRR of both the Air and Vacuum sample. The XRR on the Air Sample shows some
large, shallow peaks and valleys, indicative of a thin film at a similar density to the substrate.
The XRR on the Vacuum Sample shows only exponential decay, indicating the film is either very
thin or very rough, or both. The feature between 2.3◦ and 3◦ which has been greyed out, is an
instrumentation artifact which we observe in many samples. It is not related to thickness fringes.

the Vacuum Sample shows only exponential decay, which indicates the film is

either very thin or very rough, or both.

Finally, in Fig. A.7 we compare AFM topographies between the two samples,

taken in air operating in tapping mode. On the Air Sample the topographies

were taken in June 2021, on the Vacuum sample they were taken in April 2023.

The topographies of the two samples appear similar, and indicate that some ma-

terial was deposited on the Vacuum Sample, even if both x-ray measurements

do no see corresponding peaks.

From all of this, we suspect we grew VO2 in June 2021, but either being stored

in vacuum for an extended period of time, or the process loading/unloading de-
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Figure A.7: (a)-(d) tapping AFM topography on the Air Sample at (a) 5 µm square, (b) 2.5 µm
square, (c) 1 µm square and (d) 500 nm square areas. (e)-(h) tapping AFM topography on the
Vacuum Sample at (e) 5 µm square, (f) 2 µm square, (g) 1 µm square and (h) 500 nm square
areas. The topographies between the two samples appear consistent.
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stroyed or changed the film enough to not exhibit a transition. We can possibly

use the nc-AFM data collected in closer to the growth date to search for a tran-

sition, even if the data sets are incomplete. We are also thinking of other ways

to confirm the Vacuum Sample is VO2 and exhibited a transition while in the

RHK in fall 2022.
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