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ABSTRACT OF THE DISSERTATION

Vanadium oxide phase transitions: fast, small, and strained

By

llya Valmianski

Doctor of Philosophy in Physics

University of California, San Diego, 2017

Professor Ivan K. Schuller, Chair

Vanadium oxides are a prototypical family of highly correlated oxides. In his
dissertation, | present the study of two vanadium oxides in particular, V203 and VOo,

which undergo simultaneously both a structural phase transition and a metal to insulator
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transition. While traditionally these phase transitions were studied in equilibrium, bulk, or
in meso/macro-scale devices, in my work | focused on different modalities: fast, small,
and strained.

In my work on fast time scales during photoexcitation of V203 we found a novel
meta-stable intermediate state that appears due to symmetry change in the monoclinic
phase. This change occurs in the proximity of high temperature rhombohedral domains
on length scales similar to those of electronic correlation. Our finding shows that the
electronic and structural transitions in V203 have similar length scales but very different
time scales.

In VO and V203 nanoscale devices, we found a length-scale competition between
Joule heating and electric field driven current induced metal to insulator transition. We
proposed a novel thermoelectric model and performed simulations using finite element
methods. Our modeling showed that the transition is highly inhomogeneous and the
resulting filaments are surface bound with thermal gradients generating Seebeck electric
fields on the order of 1000 V/cm.

Finally, we studied pressurized and strained thin films in V203 and discovered
strong strain relaxation for pressures of up to 500 MPa, which cause a deviation of thin
film Pressure-Temperature phase diagram from bulk behavior. This strain relaxation
relies on the difference between the structural and morphological length scales, which
allows the formation of strain relaxing creases. Once those creases are fully strained, the

thin films respond similarly to bulk samples.
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Chapter I - Introduction
1.1 Overview

Correlated metal oxides form an exciting material class. They present many
unusual electrical®~>, optical®®, structural®!2 and magnetic*®*** properties that are not
only hard to predict but even to explain. Many novel behaviors, such as high temperature
superconductivity!®’  colossal magnetoresistance8, topologically protected phases!®-2,
spin liquids??, metal to insulator transitions'?*, and Mott insulators®* have been found in
metal oxides. The richness of electronic properties makes these materials a perfect
playground for experimental condensed matter, where novel techniques allows us to
probe properties at ever-smaller length scales and faster times revealing the underlying
physical processes. At the same time, metal oxides are considered for many important
applications such as photovoltaics®2%, photocatalytics?® 28, tunable metamaterials,
atomic-scale FETs?°, neuromorphic devices®*3?, and quantum computing®.

An important family of correlated metal oxides are the vanadium oxides, whose
members exhibit metal insulator transitions, antiferromagnetism, Mott insulator states,
and other interesting properties'?23343_1n my thesis work, | focused on two materials
from this family — vanadium dioxide (VO2) and vanadium sesquioxide (V20z). While
their macroscopic phenomenological properties are very similar, probing the materials at
short length scales and fast time scales reveals a difference in the underlying physics of
the two systems. Primarily, my work is focused at looking at the electrical transport and
structure; however, through collaborations with outside groups I also examined optical
and magnetic behaviors. Furthermore, for V203, | performed detailed studies of thin

films under strain and mechanically coupled to magnetic materials. It was found that both



the strain response and the mechanical coupling is different in thin films and bulk

materials and heterostructures.

1.2 VO2 and V203 Metal-Insulator and Structural Transitions

One of the most striking behaviors of the vanadium oxides is the presence of the
Metal-Insulator Transition (MIT). Originally discovered over half-century ago, it is an
electronic first order phase transition that always co-occurs with a structural phase
transition (SPT). These transitions feature a strongly hysteretic behavior with a wide co-
existence region. For applications, this makes them interesting for bi-stable, elastically
coupled, and memristive systems. A key question about the physics of these transitions is
whether the structural or the electronic transition drives the phase change.

The Magneli sequence of Vanadium Oxides, characterized by VaOzn-1
stoichiometry, all possess the MIT at various temperatures®. The two extremes of the
sequence are VO3 (n = ) and V203 (n = 2). In VO, the SPT is characterized by
dimerization of the vanadium atoms in a Peierls-like structural transition from high
temperature metallic rutile to low temperature insulating monoclinic symmetry at ~330
K. However, recent theoretical work suggests that on-site interaction play at least part of
the role, suggesting a spin-Peierls or partial Mott nature®’. In V203, the transition is
considered to be electronically driven with vanadium atoms forming long
antiferromagnetic chains while transitioning from the high temperature metallic
rhombohedral phase to low temperature insulating monoclinic phase at ~160 K. While

the classical Mott transition occurs in 2Oz at high negative pressures achieved through



chromium doping, the transition my work focused on is in the positive pressures regime

between the antiferromagnetic insulator and paramagnetic metal3®4°,
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Figure 1.1: Metal to insulator and structural transitions in V203 and VO..
Resistance vs temperature curves of (a) V203 and (b) VO2. Out of plane x-ray
diffraction peak as a function of temperatures for (c) V203 and (d) VO..
Adapted from 4

Both VO2 and V.03 show a hysteretic resistance versus temperature curve (Figure
1.1). The transition width is typically 5 to 10 K wide and the resistance change is 3to 5
orders of magnitude (Figure 1.1a, b). Transition temperatures and magnitude as well as
hysteresis shape can be adjusted though choice of substrate or deposition conditions. The
film properties are sensitive to the out of plane crystallographic orientation, oxygen
content, and interfacial morphology*?. Because both the rutile and rhombohedral phases
have higher symmetries than the monoclinic phase, twinning occurs when the material is

cooled below the transition temperature!?#, This explains why low temperature peaks in

Figure 1.1b,c are lower intensity than the higher temperature peaks. Twinning lengthscale



may also be related to electronic coherence length in the material, as the two numbers are
coincident at least in V203*.

While the twinning occurs in both vanadium oxides on the few nanometer length
scales, nearfield infrared spectroscopy®®, X-ray nanodiffraction, and low temperature
conductive SEM*® measurements reveal a phase separation on the length scales on the
order of 100 nm. This suggests that length scales longer than twinning play an important
role in both SPT and MIT. Irradiation experiments reveal that low levels of disorder can
rapidly suppress the V203 but not VO transition*’. Furthermore, studies of avalanches in
the resistance during the MIT suggests that V203 percolative process is correlated while
the VO percolative process is random switching*®.

All of this sets up many interesting questions about the lengthscales of the MIT
and SPT in vanadium oxides. Despite many similarities in macroscopic observables,
there are clear differences in microscopic observables. By looking at this small scales as
well as short time scales and strain we try to shine light on the differences between VO>
and V20a. In chapter 11, | examine the fast-time scale behavior of SPT in V203 and its
connection to the short length-scale twinning. In chapter 11, I will discuss DC electrical
measurements in small length scale VO2 and V203 where we show that we can induce
both a thermally and electrically driven MIT. In Chapter 1V, we discuss a collaboration
where we show switchable optical driven by VO, MIT. In chapter V, we discuss the
differences in strain response between bulk and thin film V.03 films, which are due to
nanoscale morphology in the films. Finally, in chapter VI, | show the nanoscale effect of

SPT elastically coupling in a V20O3-Ni magnetic heterostructures.



1.3 Experimental procedures
1.3.1 V20s thin film growth

The V203 films were prepared by reactive magnetron sputtering on Al.O3z from
both in house and commercially produced VO3 targets. The commercial targets were
sourced from AC Alloys and Plasmamaterials. Both companies do not perform structural
analysis and do not guarantee target quality, only elemental purity. The homemade target
was manufactured by pressing Noah Technologies 99.9% purity V.03 powder followed
by a 15 hours sintering process under Ar/H(2%) atmosphere at 1050 °C. Homemade
targets were selected for structural purity, however, even the most structurally pure
targets had densities lower than commercial targets. Target density did not play a big role
in thin film quality, although homemade targets tended to result to slightly faster
deposition rate.

The sputtering was performed in a high vacuum system (base pressure of 1x10~7
Torr) backfilled with ultrahigh purity (UHP-99.999%) Ar gas in a Microscience chamber
(Microscience 1). Majority of the films were made in the non-cluster guns, at the 10 mm
position. The backfilled gas pressure was 4 mT. Higher pressures (up to 8 mT)
corresponded to better film smoothness but smaller MIT resistance change. Above 8 mT,
the film smoothness deteriorated. Below 4 mT the deposition rate, film smoothness, and
size of the MIT were worse. Some films were deposited from the cluster guns, at which
point the confocal height was used as well as higher backfill pressure (8 mT) although

typical deposition times increased (45 min — 1 hour for 100 nm vs 15-30 min in single

gun).



Deposition was done using RF sputtering source at 100 W at the power supply.
Typically the matching network was able to deliver 90 W to the plasma with about 5 W
being reflected. Often sparking the plasma required a second DC power supply to be
turned on with a metallic target. The matching network automatic capacitor adjustment
often led to saturation of one of the capacitors, which could be corrected by turning the
matching network to manual mode and then returning it back to the automatic operation.

For both cluster and non-cluster gun configurations the heater thermocouple was
set to 1000 °C, which corresponds to 750 °C substrate temperature. Higher temperature
would potentially benefit thin film quality, however the tungsten lamps in the heater had
rapid burn out at temperatures above 1000 °C. The heater was rapidly turned on from RT
to 200 °C and then further heating was done at 12 °C/min. Once the temperature reached
the goal the substrate was kept at a fixed temperature for 30 min. A 10 min pre-sputtering
was performed. Once the deposition was complete, the film was cooled down to 200 °C
at the 12 °C /min rate while in constant Ar atmosphere.

Al>Oz orientation plays an important role in film quality. While all orientations
produce epitaxially structure V203, orientation plays a significant role in the width,
height, position, and shape of the R-T hysteresis loop of the MIT. For the above
mentioned conditions highest quality films were produced on r-plane. Films deposited on
the m-plane showed similarly sized and shaped transitions but at a higher transition
temperature (170 K vs 160 K), while films grown on a-plane showed much smaller and
wider transition as well as a larger amount of polycrystalline rings in the film (see
Chapter 5). Films grown on c-plane showed almost no transition but this may be due to

surface morphology produced by Al>Os terracing in this orientation.



1.3.2 VO2 thin film growth

The VO films were prepared by reactive magnetron sputtering on r-plane
oriented Al2Os in a similar fashion to the V203 films (section 1.3.1). The sputtering was
performed in the same chamber as V203 films from the same V203 target in a single gun
configuration. The chamber was backfilled with 4 mTorr ultrahigh purity (UHP-
99.999%) Ar/O(8.5%) gas mixture (2.3 sccm of Ar, 1.7 sccm of Ar/O(20%)). The heater
temperature was kept at 760 °C, corresponding to substrate temperature of 600 °C. The
heating was performed with 12 °C/ramp. Lower deposition temperatures led to worse

When starting VO growth after V2Os/metallic growths it is important to
condition the chamber. Typically conditioning was 1-2 hours at 100 W RF power, with
the substrate holder present over the gun to be coated. Before each deposition a pre-
sputtering of 30 min was performed. The deposition times for VO, were longer than for
V03, typically 45 min — 1 hour for 100 nm, due to back sputtering by O% ions. The
films are highly textured with the (300) monoclinic in VO direction coinciding with the
(012) direction in the substrate and also oriented in the in-plane. This is likely due to a
V203 like interfacial layer that forms at the VO2/Al,Oz interface due to vanadium cation
dislocations®.
1.3.3 X-ray measurements

Thin film, bulk sample, and sputtering target characterizations were performed
using x-ray measurements on Rigaku Smartlab Tube Diffractometer and Bruker D8-
Discover Rotating Anode Diffractometer. Types of analysis performed were x-ray
reflectivity, low angle diffuse scattering, rocking curve measurements, out-of-plane and

in-plane x-ray diffraction, pole figures, and two types of reciprocal space mapping.



Figure 1.2: Schematic of the x-ray diffractometer geometry

The Rigaku Diffractometer was normally operated at 40 kV/44 mA
voltage/current setting. The optical path consists of a choice of 2 bounce (220) Ge
monochrometer or 5 degree Soller slits, one incident slit (IS), one incident length limiting
slit, 2 receiving slits (RS1 and RS2), and receiving 5 degree Soller slits. In the standard
(cradle) configuration o, v, ®, and 26 rotations are possible as well as z-axis translation
(see Figure 1.2 for schematic of the geometry). An Anton Par low temperature stage
(down to 130 K) was used for low temperature measurements, in which case phi and chi
rotation were unavailable. Pre-built wedges were used to create chi offsets for in-plane
measurements at low temperature. Both an automatic and manual modes of operation are
available. While the automatic mode is more convenient and was the dominantly used
mode, for low signal measurements the manual mode provided much more consistent

alignment quality. All multiple scan measurements (reciprocal space maps and pole



figures) were done in the automatic mode. Low angle measurements (<5° in 2-theta) were
typically done with 0.1 mm/0.1 mm/0.1 mm slit openings for (IS/RS1/RS2), while most
diffraction measurements were done with 1 mm/1 mm/1.2 mm slit openings.

The Bruker Diffractometer was operated at 40 k\VV/200 mA voltage/current setting.
Bruker specification suggest operating current of 300 mA, but this proved to be
unrealistic due to high arcing rate. The optical path consists of a choice of 4 bounce (220)
Ge monochrometer or 5 degree Soller slits, two incident slit (IS1 and 1S2), 2 receiving
slits (RS1 and RS2), and a receiving length limiting slit. In the standard (cradle)
configuration phi, chi, omega, and two-theta rotations are possible as well as x-, y-, z-axis
translation. The x- and y- translation are especially useful for small samples as it allows
for optimizing the incident beam position. Most measurements were done in a manual
configuration, although there is a macro batch job processors for automated scans. Low
angle measurements (<5° in 2-theta) were typically done with 0.1 mm/0.1 mm/0.1
mm/0.1 mm slit openings for (1S1/1S2//RS1/RS2), while most diffraction measurements
were done with 1 mm/1 mm/1 mm/1.2 mm slit openings.

The alignment procedure for low angle measurements was the following:

1) At 6/2-6= 0° perform a z-scan. This should produce a step function and the
z should be fixed at the mid-point.

2) Perform rocking curve around 2-theta = 0°. This should form a pyramid
shape and the omega should be fixed at the peak.

3) Repeat steps 1) and 2) until the intensity converges.



10

4) Set 2-theta to a value slightly past critical edge (~0.6° typically, but a 2-
theta scan may be needed) and perform rocking curve. This should create a VVoigt profile
and the omega should be fixed at center of gravity of the profile.

5) Scan chi (typical range -5° to 5°), this should produce a pyramid shape and
the omega should be fixed at the peak

6) Steps 4 and 5 can be repeated until the values converge. If there is
significant change in omega offsets a z-scan may need to be repeated, in which case it

should produce a peak at the correct alignment.

For high angle/diffraction measurements:

1) Perform z alignment same as in the low angle measurements.

2) Set 2-theta to the location of a known peak.

3) Perform a rocking curve. This should create a VVoigt profile and the omega
should be fixed at center of gravity of the profile.

4) Scan chi (typical range -5° to 5°), this should also create a Voigt profile
and chi should be fixed at the “center of gravity” (intensity weighted mean).

5) Steps 3 and 4 should be repeated until both values converge.

6) Occasionally, phi dependence is present and doing a -5° to 360° can be

used to find a region of higher intensity. After change phi, repeat steps 3-5.

When performing alignment, two indicators can be used to see if the sample is
improperly aligned in the xy plane. If the z-scan produces multiple steps this means that
part of the beam passes outside the sample on the y-axis. This can be corrected by

improving the y-axis centering of the sample or reducing the length limiting slit size.
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When performing rocking curve around 2-theta = 0° occasionally the pyramid shape is
asymmetric (one side is steeper than another). This is due to x-axis misalignment. This
can be corrected by improving the x-axis centering of the sample or reducing the incident
slit size. On Bruker Diffractometers, the xy stage motors can be used to perform x- and y-
axis scans, as an alternative method for optimizing the xy position, which is especially
useful for very small sample sizes (~1 mm?).

Several in-plane measurement techniques were used. For pole figures, the XRD
alignment was performed. The pole figure itself was measured using the pole figure
macro in Rigaku. Because of poor chi resolution (divergence angle is defined by the
length limiting slit), a 3° step in chi is typical. Phi step of 0.1° was typically used. For in-
plane reciprocal space maps (chi steps), a custom macro was used. The program
pseudocode is the following:

1) Perform XRD alignment on an out of plane peak and go to the initial y

2) Start FOR loop

3) Perform GENERAL MEASUREMENT for 2-theta/omega

4) Perform RELATIVE MOVE in chi

5) END FOR loop

For normal reciprocal space maps (omega steps), a prebuilt RSM macro in Rigaku
was used. Typical omega and 2-theta steps were 0.1°.
Anton Par low temperature stage for the Rigaku Diffractometer was used
for measurement of temperature driven SPTs in V203 and FeRh samples. ¥ and ¢ angle
rotations are unavailable in this configuration but wedges can be used to access in plane

directions. Temperature controller can be programmed using Rigaku Diffraction
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Controller prebuilt macros. In general, temperature sweeps can be setup using either
regular for loops with relative temperature change macros or using the special
temperature-for loop. Several custom program were made for diffraction, reflection, and
diffuse scattering measurements as a function of temperature.
1.3.4 Reactive lon Etching

Vanadium oxide regions of interests were defined using reactive ion etching. An
etching process rather than a lift off process was using because life off leaves small
pieces of resist on the surface even after oxygen cleaning leading to poor film quality.
The primary reactive ion etching system used was Oxford Instruments P80. For 100 nm
of V203, the etching was performed for 2 minutes under 40 mTorr pressure with 50 sccm
Clz and 10 sccm Ar flow at 200 W.
1.3.5 Photolithography

Positive photolithography using S1818 resist

1) Initial spin coating of for 10 s at 300 rpm.

2) Main spin coating for 1 min at 5000 rpm.

3) Backing at 115 °C on a hot plate for 1 min. The low temperature is critical
to prevent VOx degradation

4) 3.5 min UV exposure in SUSS MJB 3 mask aligner.

5) 40 s development in a mixture of 50 % AZ developer/50 % DI water.

6) 30 s deionized water rinse

7) Drying in high purity nitrogen

1.3.6 E-beam lithography

Positive e-beam lithography using 950 PMMA C4 and A2 resists
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1) Initial spin coating of for 10 s at 300 rpm.

2) Main spin coating for 1 min at 3000 rpm.

3) Backing at 110 °C on a hot plate for 10 min. The low temperature is critical
to prevent VOx degradation

4) E-beam exposure using Raith 50 EBL at 30 kV acceleration voltage, 100
PA probe current. Typical doses 270 and 330 pC/cm?.

5) 40 s development in 25 % MIBK and 75 % isopropanol

6) 30 s isopropanol rinse

7) Drying in high purity nitrogen

1.3.7 Microscopy Image Segmentation Tool

| have developed a software package called Microscopy Image Segmentation Tool
(MIST). MIST is designed for analysis of microscopy images, which contain large
collections of small regions of interest (ROI). Originally developed for analysis of porous
anodic alumina scanning electron images, MIST capabilities have been expanded to allow
use in a large variety of problems including analysis of biological tissue, inorganic and
organic film grain structure, as well as nano- and meso-scopic structures. MIST provides a
robust segmentation algorithm for the ROIs, includes many useful analysis capabilities,
and is highly flexible allowing incorporation of specialized user developed analysis.

MIST uses a robust multistep segmentation algorithm which utilizes both per
pixel intensity information as well as morphological filtering. The algorithm makes two
assumptions about the underlying imaging data. First, MIST assumes that there is local
but not necessarily global contrast between ROI and background. This means that

significantly overlapped ROIs are not well segmented however changes in background
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intensity across the image are corrected. Second, MIST assumes that ROI areas have a

Gaussian-like distribution, which is true for most ROI types; however if the area

distribution is multimodal (has many peaks), certain ranges of ROI sizes can be excluded.
The full segmentation algorithm is as follows. For an input image I:

1) Median filter pixel intensity using a 5 by 5 pixel window

2) Compute a locally normalized image fN using a window of size N

l Xx+N/2  y+N/2

L) = L
< ’y>N (N +1)° i=x—N/2 j=y—N/2 .

1 x+N/2  y+N/2
<O-X'y>N B \/(N +1)° —1i=xZN/z j=yZN/2(Ii'j _<|ny>N)

),

X, ¥,N
<6X’V>N

3) Compute the mean (pul) and standard deviation (ol) of intensities in I~N

4) Threshold fN at intensities ranging from pl - 3 ol to ul + 3 ol with a step

size of 1/2 ol to produce thirteen black and white images BWi.

5) Erode each BW\ with a 3x3 pixel square.

6) Compute the mean (UBWi;) and standard deviation (cBW;) of the areas of
4-connected pixel groups for each BWi.

7) Remove all elements from BWi; whose area is more than 3 cBW; away
from uBWi,.

8) Dilate each BW; with a 3x3 pixel square. If the number of 8-connected
pixel groups changes from step 5, go back to step 5. If the number of

groups doesn't change, sum all BW; to produce a new image Ii:.
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9) Apply manual threshold Iint to produce a new image Ir. In practice the cut
off is usually 7 (corresponding to blocks that have pixel intensities more
than pl).

10)  Erode Ir with a disk of radius 2.

11)  Fill inside 8-connected pixel groups of Ix.

12)  Label all 8-connected pixel groups in Ix.

13)  Dilate all labeled objects in Ir with a disk of radius 2.

(a) .“,.,..',.:‘, o

&
'R LB §
aﬂé’""‘::‘
A

Figure 1.3: (a) Raw SEM image of Ni nanodots on Si substrate produced using AAO
template (b) Normalized image (after step 2 in the algorithm) (c) Morphologically filtered
image (Iint from step 8 in the algorithm) (d) Binary threshold on the morphologically
filtered image (after step 9 in the algorithm) (e) Final segmentation (green outlines)
superimposed on the raw image. Red ellipses indicate area of minor overlap between
nanodots which were nonetheless correctly segmented (f) Zoom in of (e) showing the
overlap between dots.

Segmentation is done in two main steps. First, a per-pixel normalization of local
intensity (steps 1-2)°°. Second, an area-based filtering of normalized regions (steps 3-8).
Figure 1.3 presents a graphical representation of the segmentation algorithm. The

algorithm requires three inputs additional to the raw image. First, whether the regions of



16

interest are "dark" or "light". Second, the per-pixel normalization length scale (N). Third,
the value at which the final threshold (step 9) is performed.

Certain problems, such as segmentation of objects with significant overlap or
segmentation of a particular class of ROI in an image with multiple similar sized ROI
classes, require a more advanced segmentation capability. This can be achieved by users
because the segmentation algorithm is written modularly and can be easily
changed/replaced while not affecting other MIST capabilities. Important alternative
segmentation methods can be derived from erosion’!, edge detection®?, watershed
transformations®?, and machine learning techniques>*.

MIST is used both with built-in and custom user-defined analysis tools. Raw
results of the segmentation and of the built-in analysis can be accessed using MATLAB
software. Writing additional modules for MIST can also be done in MATLAB. A unique
and important feature of MIST is the variety of built-in analysis tools that come with the
software (Figure 1.4) that are designed to capture parameters commonly cited in literature
on AAO and other self-assembly techniques.

The center-to-center radial two point correlation function (Figure 1.4a) describes
the long range order of the ROI. Two useful quantities that can be extracted from the
correlation function are the nearest neighbor distance, which is the location of the first
peak, and the domain size. We estimate the domain size by considering that the
correlation functions consists of oscillations due to lattice properties (which we estimate
as the standard deviation of the data in a window of size N) and from small random

oscillations which are estimated by fitting a model of Additive White Gaussian Noise
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(AWGN)*. In particular we define the domain length scale r as the smallest r for which

the following is true:

exp(— (on — O-AW;BN )? j 505

O aweN

where o:\ is the standard deviation in the correlation function values around point
r in a window of size N (where N is taken to be 150% greater that the first nearest
neighbor) and where cawen 1s the estimate standard deviation of the AWGN over the
entire correlation function.

Region of interest average shape (inset into Figure 1.4a) displays anisotropies as
well as shape distribution of the ROI. Nearest neighbor angle distribution (Figure 1.4b),
together with the radial two-point correlation function, allows comparison to idealized
lattice values, which can be used as a “quality” comparison between different samples.
Average ROI area (Figure 1.4c), gives information about ROI size, which is one of the
most used values extracted from SEM imaging of self-assembled nanostructures. These
values, when extracted manually, tend to be biased by human selection towards what is
considered "typical". While this bias is not significant for highly uniform arrays of ROIs,
when the ROI size distribution is not symmetric human "experts" often select the most
common size as the "mean" rather than the true mean. Furthermore, for non-uniform
ROIs different human "experts" may use different personal criteria to find the "mean"
values thus making comparison across literature difficult. Our algorithm presents a
completely automatic way of measuring this value and its uncertainty. Unit cell area

distribution (Figure 1.4d) presents information on the uniformity of the lattice. Finally,



18

the number of nearest neighbors (Figure 1.4e) gives additional information on the
“quality” of the lattice.

It is important to note that the ROI at the edges of the image may sometimes bias
the statistics. To overcome this MIST counts edge objects whose size is comparable to
those of object on the inside and discards those that are too small or too big. The two
point correlation function, which is very sensitive to finite size effects, is properly
corrected to take into full account the edge effects due to finite image size.

Once the built-in analysis is performed, the raw results together with the per-pixel
segmentation data are saved in MATLAB's .mat format. Additional analysis can be
applied by loading the .mat file. Most of the parameters needed for these additional

analyses, such as ROI labeling, centroid positions, morphological properties, are already

computed during the initial segmentation and are readily available
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Figure 1.4: Analysis of membrane displayed in (a). Green shows automated segmentation
while inset shows average pore shape. (b) Nearest neighbor count (c) nearest neighbor
angle distribution (d) unit cell area distribution (e) pore area distribution (g) border width
distribution. (f) Radial two-point correlation function. Red line symbolizes the
automatically determined length-scale (domain length, 987 nm)
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Chapter 2 - Photoinduced pathway to a metastable phase in V203

In quantum materials, subtle changes in atomic-scale interactions induce dramatic
changes in macroscopic materials properties and drive phase transitions!2. Despite their
importance® %, the mesoscale processes underpinning phase transitions in time and space
often remain elusive because of the vast differences in time scales between atomic and
electronic changes and thermodynamic transformations. Here, we photo excite an
ultrafast enhancement of the structural mesoscale long-range order in the archetypal Mott
system V>0s. The rearrangement of local atomic distances is much slower and coincides
with the insulator-to-metal transition’. The decoupling between the two structural
responses in time reveal the existence of a transient photoinduced phase, which is distinct
from the two structural phases present in equilibrium. X-ray nanoscopy reveals that
acoustic phonons trapped in nanoscale blocks govern the dynamics of the ultrafast
transition into the photoinduced phase, while nucleation and growth of metallic domains
dictate the duration of the slower transition into the metallic phase’. The presence of
mesoscale structural rearrangements before completion of the electronic transition,
emphasize the critical role of metastable intermediate sructural phases in electronic phase
transitions.

Vanadium sesquioxide (V203) undergoes an insulator-to-metal transition upon
heating at 160 K: the electric conductivity grows by five orders of magnitude via
percolation of the high-temperature (HT) paramagnetic, metallic domains within the low-
temperature (LT) antiferromagnetic, insulating domains 1°. The electronic phase
transition is accompanied by a structural phase transition, where the crystal symmetry

increases from monoclinic to rhombohedral, and the volume shrinks via reduction of the
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average hexagon edge from 2.91 A to 2.87 A (see Fig. 2.1a)** 2. While the symmetry
and volume are coupled in equilibrium, here we show that ultrafast photoexcitation
decouples these structural degrees of freedom, and the phase transformation occurs via a

non-equilibrium transient pathway (see Fig. 2.1b).

a  Monoclinic Rhombohedral
insulator Metal
. \@.‘k: S N \6\
Tﬁ. \‘\ET. 3.4 L0 %
I\A /‘v@'\ %\ ' R-1 ' i 3 @ d 6 f
¥ e % (A1) Foa A
‘ 1
'3 A . I = ? « i
r"D‘:\g?ﬂ,%k 1Temperature induced SPT ' Y I e
Bpon’ @ T bz Y
<” a"g E (022)Mom - ?/ _,,.,tjﬂh
Coon _§05¢ 1 o
0 L
150 g 200
b r ‘ ‘
104l “ ) Photoinduced SPT, (022),,,,
\ éf’:)o
1031y ¢¢ .
\
1.02 + O (J[“.bdp ¢Q
Eiofp ¥ 5? 4) Afo o
5% 5 oo | ]
Y\ T TVOT @ ¢
‘ 4
0.99 | o #(; ¢¢+
0.98 | 1
0 5 10 15 20
T (ps)

Figure 2.1: Temperature and photo induced structural phase transition. a, A schematic of
the equilibrium insulating (monoclinic, rotation of vanadium pairs is indicated by
ellipses) and metallic (rhombohedral) structure. The transition occurs directly during
heating evidenced by a smooth reduction of the (022)mon monoclinic and growth of the
(024)rn rhombohedral peak (see inset). b The peak intensity of the (022)mon reflection as a
function of the time delay during the photoexcited structural phase transition.

We study a 100 nm thin V203 film grown along the (024)rn crystallographic
direction (see Supplement). The difference in the hexagon edge lengths results in two
well separated X-ray Bragg peaks along the film normal, g, : (024)rn and (022)mon (Se€

inset in Fig. 2.1c). The LT diffraction peak is broader than the HT peak in the direction
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parallel to the film, g, (see inset in Fig. 2.1c). The excess broadening results from a
reduction of the long-range order (coherence length) due to breaking of the crystal
symmetry at low temperatures. Three monoclinic structures are possible, each distorted
along a different hexagon edge!'2. When heated in equilibrium through the phase
transition temperature, the height of the HT peak grows, while the height of the LT peak
decreases monotonically. The LT diffraction peak width is proportional to the LT peak
height, while the width of the HT peak is static.

We use short, optical laser pulses (E=1.55 eV, 40 fs duration, 500 um spot size) to
induce an insulator-to-metal phase transition in VV.O3. We probe the structural response to
photoexcitation with short x-ray pulses (E = 9 keV, 10 fs duration, 200 um spot size) in
stroboscopic mode at the Linac Coherent Light Source'*%°. After photoexcitation, the
height of the HT peak grows as expected (see Fig. 2.1c) as the optical laser pulse heats
the film. Because the HT peak grows, one may expect a drop in the LT peak height.
Unexpectedly, the height of the LT peak grows for 2.5 ps before it declines for larger
time delays (see Fig. 2.1d). From the 4D data set (3D reciprocal space and time, see
Supplement Fig. S3), we find that the LT peak height grows by narrowing the LT peak.
Since the peak broadening in the ground state originates from the decrease in long range
order, we conclude that photoexcitation induces higher symmetry in the LT phase after
2.5 ps. At these short timescales however, the photoexcited LT phase retains its unit cell
volume, as revealed by the unmodified Bragg peak position (see Fig. 2.1b). Thus,

photoexcitation induces a transient, non-equilibrium, structural phase in V20s.



1.06 }
a ¢ Correlation length
1051 _ _ _ _ _ ¢ _________
e
I 1.04 1 o600
o
E 1.03 1
7 Al
i 1.02 1 S
o<t
e 1.01
= oo v ]
< 0.99({a
-0.1 -2 Q 2 4 6 8 10
bis d 1.06 s, . ‘
' ' Correlation length
= 1 1.05 1 00_0 4, ) o
L 00000 ,%000%0
= 1.04 | .
05 07 -
1.03 1 Phase fraction| |
Q D = \
w102 ] E oas -
005 1011 08 00900040,
g ol
=1 1 0 50 1007
s
-0.05 0.99 ™ (ps)

-0.05 0.05

Aq (A7)

0.1 0

20 40 60 80 100

T (ps)

27

Figure 2.2. Time resolved high-resolution x-ray data. a, A projection of the 3D diffraction
data around the (022)mon and (024)rn Bragg peaks recorded for a negative time delay
(ground state) shown on a linear scale. b, A line scan I(Ag,t) normalized by its maximum
along the black dashed line in a for various time delays and the difference signal I(Aq, t)-
lo(Aq), where lo=I(Aq,t=-2 ps). ¢,d The correlation length &(t) calculated as the reciprocal
peak width in b (see Methods). Inset in d, Phase fraction of the monoclinic phase.

The photoinduced structural phase transition displays two processes with vastly
different characteristic time scales. First, the structural coherence length in the
photoexcited LT phase, &(t), grows rapidly within 2.5 ps (see Fig 2.2a, left axis) and
remains high for more than 100 ps. Second, the HT phase fraction, Vur(t), grows
gradually within 100 ps after photoexcitation, and the unit cell volume of the
photoexcited LT phase shrinks discontinuously and the HT phase emerges (see Fig. 2.2a,
right axis). Furthermore, the coherence length and the phase fraction depend differently
on the pump fluence. The coherence length £(2.5ps) increases linearly with the pump

fluence before it saturates at ~5 mJ/cm? (see Fig. 2.2b). The saturation value at 1.3 agrees
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with the maximum coherence length of the LT phase measured in equilibrium. In
contrast, the final HT phase fraction V(100 ps) displays a fluence threshold”° at
around 1 mJ/cm?: the growth rate increases significantly when the pump energy
overcomes the energy barrier due to the latent heat (see Fig. 2,2c). At fluences higher
than 5 mJ/cm? the phase fraction Vir(100 ps) saturates at its maximum value of one,
when the entire volume is in the HT phase. While the presence of the fluence threshold
and the duration of the HT phase growth are both consistent with the photoinduced
electronic transition’, the origin of the 2.5 ps time scale remains elusive. To understand
the mechanism underpinning this ultrafast coherence length growth, we use X-ray
nanoscopy.

We map the static nanoscale spatial distribution of the two structural phases by
scanning a 20 nm X-ray beam across the sample (see Fig. 2.3a). The typical size of an LT
domain (connected blue region in Fig. 2.3a) is 100 nm, consistent with near-field imaging
of insulating and metallic pockets'®. Surprisingly, the broadening of the LT diffraction
peak is present in the diffraction collected during a single exposure by the 20 nm
nanobeam (see Fig. 2.3b). Thus, structural disorder is induced on a much smaller length
scale than the size of a LT domain. X-ray diffraction at higher angles reveals splitting of
the LT phase into a mosaic of two distinct types of crystallites angularly misaligned to
each other by 1° about the film normal. The two categories correspond to monoclinic
distortions either along the A or B directions (Figs. 2.3c). Statistical analysis (see
Supplement and Fig. S6) of 20,000 diffraction patterns collected while scanning the
nanobeam across the film yields an average crystallite size of § = 8 nm (Fig. 2.3c). The

spatially resolved peak broadening is homogeneous and independent of the LT peak
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intensity, suggesting a random distribution of the crystallites throughout the film. The
diffraction peak corresponding to the monoclinic distortion along the third direction
appears at a different momentum transfer'! and is only noticeable at the lowest

temperatures.

Figure 2.3. Nanoscale mapping of the lattice distortion. a Typical diffraction signal
recorded with the nanobeam. b,c The phase distribution revealed by intensity of the
(022)mon (b) and (024)rn (c) peaks recorded by scanning the nanobeam. The areas marked
with solid (dashed) lines represent rhombohedral (monoclinic) pockets. d A schematic of
the distribution of an insulating pocket into mutually misaligned domains. Scale bar is
0.04 Atina, and 1 umin b,c.

The combination of time-resolved diffraction and x-ray nanoscopy implies that
the photoexcited structural phase transition proceeds as follows (Fig. 2.3d):
Photoexcitation enhances the coherence length through a collective alignment of the
crystallites within 2.5 ps. This ultrafast time scale (Fig. 2.1d) is in agreement with the
half period t,/2 = L/v of the coherent phonon at the Brillouin zone boundary®’, where
L= 8 nm is the size of the crystallite and v = 2.5 nm/ps is the sound velocity in
monoclinic V203 (Ref. ). The 8 nm large crystallites act as internal traps for acoustic
phonons, which drive the symmetry enhancement by shear motion*®. The degree of
alignment grows linearly with pump fluence (Fig. 2.2b), characteristic of a second-order

phase transition as described by Landau-Ginzburg theory extended to ultrafast
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transitions?. The photoinduced phase transition completes with a unit cell volume
contraction within 100 ps, while the crystallites remain aligned with an enhanced

coherence length.

Pump Fluence {(mJ/cm?)

Figure 2.4: The dynamic structural phase transition. a Dynamically evolving potential
energy surface during the photoinduced insulator to metal transition. The transition
occurs in two steps: increase of the in plane correlation length in 2 ps followed by the
discontinuous out of plane lattice parameter, d, change in 100 ps. b Schematic evolution
of the structure and the electronic properties during the SPT. 1: In the low temperature
ground state the domains are misaligned and the electronic system is gapped. 2:
Photoexcitation induces an enhancement of the correlation length (collective alignment of
the domains) and a partial closing of the gap. 3: The lattice parameter changes
discontinuously, the Mott gap closes and the equilibrium metallic state is established. ¢
The peak intensity of the monoclinic reflection after 2 ps and 100 ps as a function of
pump fluence representing the ultrafast correlation length enhancement and the phase
fraction after completion of the SPT, respectively.

This longer process displays a fluence threshold arising from the latent heat and is

the hallmark of a first-order phase transition”*®, The volume contraction is governed by
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the nucleation and ballistic growth through 100 nm large LT domains moving at the
sound velocity 7 (see Fig. 2.3a).

Laser pulse energies well below the fluence threshold align the crystallites in the
LT phase, yet avoid the transition into the HT phase. At these low fluences the enhanced
long-range order prevails for more than 100 ps as measured in our experiment. This
duration represents the lower time scale for the spontaneous symmetry breaking into
structurally equivalent monoclinic lattices, whose presence possibly stabilizes the
transient higher symmetry phase. Above the fluence threshold the coherence length
enhancement and the HT phase fraction growth both saturate at 5 mJ/cm?, indicating that
the transient non-equilibrium state is a precursor to the metallic state.

The size of the monoclinic crystallites & we determine from X-ray nanoscopy is in
excellent agreement with the electronic correlation length & found in bulk V203 (Ref. 2).
We conclude a strong interdependence between the electronic correlations and structural
twinning of the LT phase into different monoclinic crystallites in equilibrium. By
assuming that the electronic correlation length and the crystallite size remain coupled
after photoexcitation &ei(t)=(t) we estimate the dynamic Mott gap via A(t)~1/&(t)?
(Refs.12Y). The photoexcitation induces an ultrafast alignment of the crystallites, which
effectively increases the coherence length and induces a narrowing of the band gap (Fig.
2.3d). The maximum dynamic correlation length in the monoclinic phase is smaller than
the correlation length in the rhombohedral phase; thus the gap is not closed entirely,
consistent with the existence of a dynamic pseudogap observed in other Mott systems?.

The photoexcited phase is similar to the paramagnetic insulating phase, which in

equilibrium occurs with chromium doping or equivalently with negative pressure*-3,
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Thus, the observation of the ultrafast quench of the monoclinic distortion indicates an
ultrafast quench of the antiferromagnetic order. This is further supported by the negative
thermal expansion in V203 within the a-b plane, which results in transient negative
pressure after photoexcitation. In addition, the photoinduced insulator-to-metal transition
in V203 lasts for tens of picoseconds, consistent with the duration of the structural volume
change reported here. The long-range order enhancement through cooperative nanoscale
alignment completes earlier. Because long-range order is essential for electronic
transport®, we anticipate that the presence of the photoinduced structural order impacts
the dynamics of the electronic transition, a behavior which is incompatible with the

standard description of a Mott system.
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Chapter 3 — Electrically driven breakdown in vanadium oxide nanodevices

Metal to insulator phase transition (MIT) materials are highly sensitive to small
perturbations, generating strong electrical' -, optical’~®, or magnetic responses®®*3, For
device applications, it is therefore important to control this change with either current or
voltage. While current driven MITs have been shown in several systems, there is an open
question of whether the effect is thermally or electric field driven, which is critical for
tuning new device applications®®. In this paper, we experimentally study current driven
transitions in nanodevices of two important MIT materials, vanadium dioxide (VO.) and
vanadium sesquioxide (V20z). We find that neither simple electric field nor purely
thermal models can explain the nanodevice’s behavior. However, quantitative agreement
can be achieved using a highly heterogeneous thermoelectric model, which we implement
using a finite-element approach. The MIT occurs through a surface confined filament,
which is determined by the competition between Joule heating, thermal dissipation, and
local electric field. These highly confined filaments have very large thermal gradients
generating large Seebeck electric fields. Therefore, the physics of the MITs in VO, and
V203 in nanodevices is driven by the competing length scales in the filament, which also
generate large electric fields normal to the driving field.

VO- and V»03 share many phenomenological characteristics; however, there is a
debate about the physical origins of their MITs!#-8, Canonically, in V203, the MIT is a
Mott transition**1> with a Slater-like antiferromagnetic ordering®®'’, while, in VO, there
is dimerization due to a Peierls transition, with some on-site repulsion and no change in
magnetism?8, Both materials have a highly percolative transition resulting in a large

region of coexistence of both metallic and insulating domains41%20,

36
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Figure 3.1: (a) Resistivity-temperature characteristic of a typical VO device (SEM
image in the inset, light is metallic electrode, dark is VO). Blue line signifies the
cooling branch, while the red line signifies the heating branch. (b) Resistivity-
temperature characteristic of a typical V203 device. Blue and red lines signify
cooling and heating branches respectively. I-V characteristics of the (c) V203 and
(d) VO2 devices. Temperatures specify the base temperatures of the devices. Middle
inset is 3D rendering of a device with a simulated current density in between the
electrodes.

We fabricated VO2 and V203 nanodevices in the same geometry (see inset Fig 1a)
and performed measurements of the 1V characteristic through the MIT breakdown as a
function of base temperature. Resistivity dependence on temperature in both types of
devices is shown in Fig. 3.1a,c. Both devices show three and a half order of magnitude

change in resistance with temperature. VO- transition temperatures were 332 K and 336

K for the cooling and heating branches respectively, similar to bulk®®, while the V203
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transition temperatures were slightly elevated at 160 K and 166 K21, The R-T curves are
reproducible and very sensitive to the temperature of the filament. This property allows
us to use the resistance of the device before the MIT, when the current and temperature
distributions are still mostly homogenous, as a measure of local temperature?.
Current-voltage characteristic (IV curves) for various starting temperatures are
shown on Fig. 1b for V203 and on Fig. 1d for VO.. They are obtained by slowly (1 uA/s)
ramping up the current while keeping the substrate at a fixed temperature. A region of
negative differential resistance corresponds to a current induced MIT. While the 1V curve
is smooth before the transition, it undergoes multiple jumps as the device goes through
the MIT due to an avalanche-like behavior?. The initial large jump is due to the filament
percolating through the entire device®. We obtain the change in the temperature of the
device below MIT as a function of dissipated power (Fig. 3.2a, b) by extracting the
temperature from the R-T curves (Fig. 3.1) and computing the dissipated power as the IV
product. VO (Fig. 3.2a) shows a linear relationship between dissipated power and
change in temperature, with lower base temperatures requiring higher dissipated power.
This is consistent with previous studies in microscopic VO3 devices® and also a simple
Fourier Law based model. However, in V203 (Fig. 3.2b) the temperature changes
sublinearly as a function of power dissipated and, surprisingly, the dissipated power
needed to induce MIT does not increase with lower base temperatures. In Fig. 3.2c we
compare the effective breakdown electric field with the square root of the breakdown
fluence in an optical V203 experiment??. The two curve agree up to a scaling factor,
which suggests that while the V>03 transition might not be thermal it has the same field

dependence as in an optical experiments.
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To explain the nonlinear P-T characteristic, we calculated a steady state
thermoelectric finite element method model in COMSOL Multiphysics. The model
includes electric field and Joule heating effects and uses experimental data for resistivity
as well as literature values for other material parameters?®24, For V203 we use an
effective temperature model T,rr = Tjoc + aEjyc , Where Tioc is the computed local
temperature, Eioc is the computed electric field, and « is a fitted constant. This is inspired
by the linear relationship between base temperature and threshold electric field in Fig
3.2c. Calculations were made for base temperatures of 310 K, 325 K, and 330 K for VO-
devices and 120 K, 135K, and 150 K for V203 devices.

Temperature and current density profiles for the VO2 device simulation with a
base temperature of 310 K are presented on Fig. 3.3. Fig 3.3a shows the simulated IV
characteristic with dashed lines indicating the current values at which the current density
and temperature slices are plotted in Fig. 3.3(b-1). It can be seen that the current
distribution is relatively homogenous throughout the bridge before the filament
formation. However, once a critical current is reached, a filament spontaneously forms.
This causes a drastic drop in the current density outside the filament and increase of three
orders of magnitude in the current density inside the filament. The filament is largely
confined to the surface (Fig 3.3h,i), penetrating less than 10 nm deep (with a similar
width). Similar simulation results have been found for other base temperatures in VO.

and V20s.
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1x10° A)

Figure 3.3: Steady state simulation of a VO2 device with 310 K starting temperature

at three different currents as indicated by the horizontal dash lines in the simulated 1V

curve in (a). Top (Bottom) panel corresponds to temperature (current density) maps

for (b,c) 30, (d,e) 70 and (f,g) 75 uA. Top down view of the surface (h) current

density and (i) temperature distribution as a function of applied current. The filament

is not perfectly straight due to small symmetry breaking in the mesh.

Using the simulation results, we compute the PT and the IV characteristics similar

to those shown for experimental results in Fig. 3.2. Fig. 3.4a, b show the simulated IV
and PT characteristics of a VO> device that can be directly compared to experimental
results in Fig 1d, Fig. 3.2a. The results are in qualitative agreement. In both Fig. 3.2a and
Fig. 3.4b, the temperature-power characteristic is linear until 60 W and then becomes
superlinear. The main disagreement comes for the 330 K curve, which experimentally
does not fall on top the 320 K and 310 K curves. This could be due to the presence of
defects, which our simulation does not address. Fig. 3.4c shows qualitative agreements
in the breakdown power as a function of base temperature between the simulation and the
experiment. This suggests that the VO, current-induced transition can be explained by a
Joule heating model.

Fig 3.4d, e show the simulated IV and PT characteristics of a VO3 device. While

a purely thermal model cannot reproduce our V203 results, by introducing an effective
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temperature that is electric field dependent, we were able to reproduce the experimental
results. From Fig 3.4f it can be see that the breakdown power in the simulation, just like
in the experiment, increases as a function of increasing base temperature, something that

could not occur in a simple Joule heating process.
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Figure 3.4: Observables obtained from the COMSOL simulation of VO, and V203
devices as a function of base temperature. Simulated VO3 (a) I-V characteristic and (b)
temperature -power characteristic. (c) Comparison of the simulation and experimental
results for the MIT onset power. Simulated V.03 (d) I-V characteristic and (e)
temperature -power characteristic. (f) Comparison of the simulation and experimental
results for the MIT onset power, note that there is strong disagreement both in the
absolute value (experimental data multiplied by a factor of 10) and trend line. Dash lines
in (a), (b), (d), and (e) correspond to the experimental data.

The difference between the VO2 and V203 devices is likely due to a competition
between electric field induced and Joule heating induced switching. Because dissipation

scales with the square of device size, while heat production scales with the cube of device

size, we believe that for smaller device sizes Joule heating transition will play an
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increasingly smaller role. Furthermore, because V203 has an order magnitude larger base
resistance, Joule heating is a factor of 9 less than in VO_ for a given electric field. This is
why in previous V.03 device experiments®?, the transition appeared to be thermal while
in our smaller devices the electronic transition occurs before the Joule heating transition.
The large thermal gradients (Fig. 3.3b, d) in the filaments cause large
thermopower electric fields. Fig. 5 shows the generated electric field as a function of
current for a VO device. The temperature distribution is relatively even before the
filament is established; however, once the filament is formed, the vanadium oxide outside
the filament is cooled while the filament itself is strongly heated (Fig. 3.3). In the out-of-
plane direction, assuming Seebeck coefficient for bulk VO3 is ~150 uV/K %, the
thermopower electric field reaches 1.8 KeV/cm. Comparing to the applied field of 90
KeV/cm, the thermopower-induced electric field is about 2% of the driving field. This
magnitude of induced field is not typical for nanodevices, with only comparable systems
being non-local spin valves and carbon nanotubes?®-28, Future experiments need to be

design to experimentally verify the predicted large Seebeck fields.
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310K 350K

Figure 3.5. Seebeck electric field as a function of position in the filament at three applied
currents (30 pA, 70 pA, and 75 pA). Inset shows the slice of the filament for which the
fields were calculated.

We compared current induced MIT in VO and V203 nanodevices at temperatures
down to 30 K below MIT. We found that in VO2 can be explained using a non-
homogenous Joule heating finite element model. The conducting filament is mostly
confined to the surface and has a very large temperature gradient (Fig 3.5) which is
interesting for thermopower applications (induced electric field of about 102 V/cm). In
V>03, the transition has an electric field driven component that competes with the
thermally driven transition. Because relative dissipation is larger for smaller device, as
the device dimensions shrink the electric field transition mechanism starts to dominate.
Our finding of an electric field driven transition in V203 can be leveraged for design of
novel electronic and spintronic devices. It also opens a new avenue for searching for

electric field driven MIT in VO2 by further shrinking device size.
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Chapter 4 - Deviation from bulk in the pressure-temperature phase diagram of
V203 thin films

We found atypical pressure dependence in the transport measurements of the
metal to insulator transition (MIT) in epitaxial thin films of vanadium sesquioxide
(V2053). Three different crystallographic orientations and four thicknesses, ranging from
40 nm to 500 nm, were examined under hydrostatic pressures (Pn) of up to 1.5 GPa. All
of the films at transition exhibited a four order of magnitude resistance change with
transition temperatures ranging from 140 K to 165 K depending on the orientation. This
allowed us to build pressure-temperature phase diagrams several orientations and film
thicknesses. Interestingly, for pressures below 500 MPa, all samples deviate from bulk
behavior and show a weak transition temperature (T¢) pressure dependence (dT¢/dPn =
1.2x1072+0.3x102 K/MPa), which recovers to bulk-like behavior (3.9x102+0.3x1072
K/MPa) at higher pressures. Furthermore, we found that pressurization leads to
morphological but not structural changes in the films. This indicates that the difference in
the thin film and bulk pressure-temperature phase diagrams is most probably due to
pressure-induced grain boundary relaxation as well as both plastic and elastic
deformations in film microstructure. These results highlight the difference between bulk
and thin films behaviors.

The metal to insulator transition (MIT) in vanadium sesquioxide has been a topic
of intense study. V203 has an unusual MIT because it coincides with a structural phase
transition (SPT) and a magnetic phase transition (MPT) 2. The co-occurrence of multiple
phase transitions raises not only interesting questions about the underlying driving

mechanisms, but also presents new opportunities for device applications such as infrared
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imaging, spintronic devices, resistive switching devices, field-effect transistors, and
magnetoelastically coupled recording media 3.

The MIT in V203 has been studied in vacuum as a function of temperature and
applied voltage both in bulk and in thin films 2°12, Furthermore , the pressure
dependence of MIT has been studied in bulk in the (V1x Crx)203 system $3-2°_In this
system, the MIT can be induced by decreasing the temperature (at sufficient small Cr
concentration), by decreasing x or by increasing the pressure P. Studies have suggested
that doping with Cr is equivalent to an applied pressure (x=0.01 corresponds to 4 kbar).
The occurrence of the MIT and the SPT with a complex phase diagram suggests a
coupling between electronic and lattice degrees of freedom. The question whether this
coupling remains when the material is clamped to a substrate is of fundamental
importance. For instance, in some materials, the pressure dependence deviates from its
bulk behavior. This is mainly due to i) geometric anisotropy that arises when grain size is
commensurate with the film thickness making the film quasi two-dimensional, ii)
substrate clamping, that affects thin films under pressure by fixing their in-plane elastic
response ¢ or iii) complex thin film microstructure that can affect many properties by
changing local strain 2~2°, All the above properties can be distinguished by studying the
film response with pressure, varying either the film thickness or the film orientation. A
detailed analysis of the pressure dependence of the MIT in V20s thin films was lacking in
the literature, before the present studies.

In this paper, we present temperature-dependent transport measurements of V203
thin films under pressure as a function of both film thickness and crystallographic

orientation in the low positive pressure regime (vacuum to 1.5 GPa), and compare them
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to bulk measurements. We examine three different crystallographic orientations to
investigate substrate clamping effects, and four different thicknesses to research
geometric anisotropy and out of plane relaxation. Structural and morphological
measurements before and after pressurization provide information on the microstructural
changes due to pressurization.

V203 thin films were prepared in a high-vacuum sputter deposition system with
base pressure of 1x107 Torr. All samples were grown on Al,QO3 substrates. Four different
film thicknesses: 40 nm, 60 nm, 100 nm, and 500 nm were prepared on (0 1 2) r-plane
orientation of Al2Os. Furthermore, 100 nm V203 films were also grown on (1 0 0) m-
plane and (1 1 0) a-plane Al>Oz orientations. All growth was performed at 750 °C in 4
mTorr of ultra-high purity (UHP) Ar by RF magnetron sputtering at 100 W of a V203
target. X-ray characterization including X-ray reflectivity (XRR) for thickness
measurements as well as X-ray diffraction (XRD) and reciprocal space mapping (RSM)
for structural measurements was carried out using a Rigaku Smartlab X-ray
diffractometer. Fittings to the XRR data was done using MotoFit complex SLD fitting
functionality?® . The morphology of the thin films at room temperature was investigated
with Veeco Scanning Probe Microscope operating in a tapping mode as an atomic force
microscope (AFM).

Pressurization was performed at room temperature from atmospheric pressure to
1.5 GPa in a hydrostatic pressure cell Pcell 3000 from Almax EasyLab using a 5 ton
press. Pentane was used as the pressure medium, which does not chemically interact with
V20s. Pressure was calculated using the resistance of a manganese manometer placed

inside the cell, before and after the temperature scan. Resistance of the V203 film was



51

concurrently measured during pressurization. Both resistance measurements were
performed in a pseudo-four probe configuration with a Keithley 6221A current source
and Keithely 2181A nanovoltmeter. The applied pressure as measured by the press
manometer was also recorded. This showed the expected linear relationship with the
pressure as measured by the manganese manometer inside the cell.

The MIT measurements were performed by placing the pressurized Pcell 3000
into a Quantum Design PPMS-DynaCool with electrical contacts connected to an
external Keithley 6221A current source and Keithely 2181A nanovoltmeter similar to the
ones used during pressurization. A 100 nA constant current was applied and the voltage
drop was measured. The low current was needed to accommodate the very large
resistance change in the sample. The electrical transport measurement setup and the
cryostat were controlled using a custom routine in National Instruments LabView
software. The pressure cell was initially cooled at 10 K/min to a starting temperature well
above the transition and then allowed to stabilize for an hour. To measure the cooling
branch of the MIT, the temperature was decreased at a rate of 0.1 K/min to a final
temperature below the MIT. Finally, the temperature was raised at 0.1 K/min to the
starting temperature to measure the heating branch of the MIT. A slow temperature scan
rate was used to minimize the internal thermal lag inside the pressure cell while
measuring both decreasing and increasing temperature branches of the MIT. Once the full
MIT hysteresis was measured, the pressure cell was heated to 300 K and left for an hour
to stabilize. It was then removed from the cryostat and further pressurized to the next

pressure value after which the resistance measurement process was repeated. Because of
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possible pressure media leaks, the pressure cell cannot be depressurized to a controlled

pressure (above atmosphere).

puodas Jad Sjuno)

Figure 4.1: Reciprocal space maps for V.03 100 nm films grown on different orientations
of Al2Os. The data at gx = O represents to the typical out-of-plane measurement. RSM for
film grown on (a) a-plane (1 0 0) out-of-plane orientation. Both V203 and Al.O3 peaks
are visible. Both in-plane and out-of-plane crystallographic orientations in V203 follow
the Al>Os orientations. Films grown on (b) r-plane (0 1 2) (sapphire peaks are not visible
due to a slight miscut in the substrate) (c) m-plane (1 1 0). For the (2 2 0) plane only the
V203 peak is visible because the Al>O3 peak is outside the scan range. In (b) and (c) faint
polycrystalline rings (2-3 orders of magnitude more faint than the associated peaks) are
visible suggesting that a small portion of the film is polycrystalline. The measurements
were done without a monochromator to increase the overall diffraction intensity, which
resulted in the presence of several contamination lines. The primary X-ray wavelength is
1.5406 A associated with Cu Kal, however significant contributions to the detected
signal come from Cu Ka2 (A = 1.5444 A) and W L1 (L = 1.0248 A). For example, in Fig
3a, the (300) peak has another peak below the (300)v203 associated with the W L1 of
(300)al203, and an even more faint fourth peak from W L1 of (300)v20s.

Results of X-ray reciprocal space maps (RSM) of 100 nm V203 films grown on r-
plane (0 1 2), m-plane (1 0 0) and a-plane (1 1 0) orientations of Al,O3 are shown in Fig.
4.1. All of the films follow the in-plane and out-of-plane crystallographic directions of
the substrate and are thus epitaxial. This means that we can control which
crystallographic orientation of V203 is unclamped when pressurized. The V203 lattice

constants are identical to bulk values, within the resolution of the measurement system.
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This is surprising since there is a lattice mismatch (aaos = 4.785 A, avoo0s= 4.9492 A,
Cazoz = 12.991 A, cv203 = 13.9980 A). A possible explanation is presence of an
intermediate interfacial layer, as previously reported for VO and other oxide
heterostructures?! or a weak overlayer-substrate interaction as present in many lattice
mismatched epitaxial systems?2. It is important to note that the elastic moduli for bulk
V203 and Al>Os are 400 GPa and 450 GPa respectively, with weak directional
dependence. Furthermore, thin films tend to have larger elastic moduli than bulk, which
means the V203 can be even harder.

The pressure and temperature dependences of the resistance of the thin films
grown on the three different orientations are shown in Fig. 4.2. All of the films present a
MIT with roughly four orders of magnitude resistance change and display a thermal
hysteresis between the cooling and warming branches of about 10 K. The transition
temperature of the MIT is defined as the inflection point in the logarithm of the resistance
of the cooling branch. We chose the cooling branch to avoid a possibility of minor loops
in the hysteresis. All of the measurements start with the sample at room temperature (at
which pressurization occurs) where the material is in the metallic state. Then, the film is
monotonically cooled into the insulating state, and, after reaching the minimum
temperature, it is warmed back to room temperature. Once at room temperature the

pressure in the pressure cell is increased, and the temperature scan is repeated.
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Figure 4.2: Resistance vs. temperature dependence at different pressures for (a) r-plane
(b) a-plane, and (c) m-plane. The transition temperature decreases monotonically with
increased pressure. Only absolute resistance measurements are reported because the
samples were small (<1 mm?) and the variation in the geometry of the indium contact
point made accurate evaluation of resistivity across sample difficult. However, the
magnitude and shape of transition is comparable or better to those previously reported in
literature (larger change, sharper transition) 222, The difference in shape of the curves
can be attributed to interfacial microstructure®2,
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The cooling and heating branches do not close at low temperature because of the
persistence of micro-inclusions of metallic domains in the insulating phase even after
most of the transition has occurred. This has been previously observed using FORC
measurements in VO,?. The substrate dependence of the transition temperature and
hysteresis loop shape has also been observed under vacuum measurements and was
attributed to two factors®2, First, different Al.O3 substrate orientations substrates have
different surface terracing. The resulting morphology generates strain in the V203 grains,
which can be modified by annealing the substrate before growth. Second, different
substrate orientations have different lattice mismatches. These two factors are also the
reason why it is very difficult to grow V203 with several orders of magnitude MIT on c-
cut (1 00) Al,O3 8,

XRD patterns and AFM images before and after the pressurization are shown in
Fig. 4.3. Fig. 4.3a shows the (0 1 2) Bragg peak of a 100 nm V203 grown on r-plane
Al>Ogz, before and after pressurization. There is no change in the peak position, which
suggests that there are no structural changes. Fig. 4.3b shows an AFM image of the same
film. Analysis of the latter for pressure effects on the microstructure reveals changes in
roughness. For example, for this particular sample, 3 areas several millimeters apart, were

measured before and after pressurization.



56

o

Before pressure
= (01 2)y205 | —— After pressure
2 0.8
[}

E
o)
[0}
N 04+
©
£
z° (01 2)a1203
0.0 ’ )
22 24 26 28
b 290 27 nm
0nm
(& 1€
o Reflectivity data
2 Fit
7]
5
g 0.01%
Eo]
[0}
N
T 1E-4|
(5]
=
0.03 0.06 0.09
QA"

Figure 4.3: Structural and microstructural characterization of a 100 nm V203 thin film
grown on r-plane Al;Oz3: (a) XRD of the (0 1 2) out of plane peak before and after
pressurization. Since the pressure cell accepts only very small sample sizes (less than 1x1
mm?), the pattern after pressurization is noisier (b) AFM image after pressurization (c)
XRR data, and fit of data, before pressurization (x> = 0.0198). Reflectivity data after
pressurization not shown since is very noisy.
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The root-mean-square roughness changes from 7.5 nm before to 6.1 nm after
pressurization (p<0.001). This suggests that while pressurization does not induce atomic
scale structural changes, it does cause microstructural changes. Furthermore, the
numerous morphological indentations seen in the AFM image can yield additional
mechanisms for strain relaxation. Fig. 4.3c shows XRR with a fit for nominally 100 nm
thick V203 film grown on r-plane Al,Os. The fit is performed by using a two-layer model
with a 100 nm bottom layer (1 nm roughness) and an 8 nm top layer (3.3 nm roughness)
with lower density on top of a 1.2 nm rough substrate. The top layer is likely oxygen
oversaturated due to exposure to air. The differences between the fit and the data in the
low-Q range are probably due to the top layer having a non-uniform electron scattering
length density (eSLD). The real part of the eSLD is linearly proportional to the material
density. The fitted real part of the eSLD of the bottom layer of the 100 nm film is (36.2
+0.2)-105/A2, as compared to the nominal value of 38. 8x10°%/A? for the bulk
counterpart. Literature values of the imaginary component of the eSLD were used?®. This
strongly implies that the V203 thin film has a density 6.6% lower than the bulk material.

The pressure-temperature phase diagrams extracted from the transport
measurements in Fig. 4.3 are displayed in Fig. 4.4. Fig. 4.4a shows that different crystal
orientations have different transition temperatures. M-plane and r-plane oriented films
have transition temperatures consistently above that of the bulk material, while the a-
plane oriented film has a transition temperature below the bulk material. Fig. 4.4b shows
the phase diagram for different thicknesses: 40 nm, 60 nm, 100 nm, and 500 nm thick
films grown on r-plane sapphire. The 40 nm film shows a transition temperature shifted

to lower temperatures. This is because the film thickness is lower than the lateral grain
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size, which possibly affects the long-range order responsible for the MIT. Furthermore, at
lower thicknesses interfacial effects become more predominant. The 100 nm and 500 nm
thick films show nearly identical behavior since their thickness is larger than the lateral
grain size. At room temperature, the boundaries expected are only low-angle grain
boundaries?’. At low temperature, below the MIT, additional boundaries appear due to

crystal twining.
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Figure 4.4: Transition temperature as a function of pressure. In both panels, the dashed
line represents the experimental single crystal bulk behavior?. (a) Phase diagrams plotted
as a function of crystallographic orientation for 100 nm thin films. (b) Phase diagrams
plotted as a function of film thickness for r-cut sapphire. The uncertainty in pressure was
determined from a pressure measurement before and after the temperature sweep. The 3K
uncertainty in transition temperature is a worst case uncertainty in the location of the
inflection point in the curve.

The most striking result appears when a constant T-offset is subtracted from each
of the curves in Fig. 4.4. The new pressure dependences are shown in Fig. 4.5: the
pressure dependence of all samples grown on different orientation substrates and with
different thicknesses collapse onto two single master lines that significantly deviate from

the bulk behavior. Thin films present two pressure dependence regimes. Below 500 MPa,

a weaker pressure dependence than in bulk is observed, with a critical temperature-
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pressure slope of 1.2x102 K/MPa.
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Figure 4.5: Transition temperature as a function of pressure, with a constant T-offset
subtracted from each of the phase diagrams in Fig 4. All data collapse onto two master
lines (below 600 MPa, slope -0.012+0.003 K/MPa, above 600 MPa -0.039+0.003
K/MPa); a small slope region and a large slope region. Dashed line represents the
experimental single crystal bulk behavior with a slope of -0.05 K/MPa %,

This region is referred to as the small slope regime. In contrast, above 500 MPa
the pressure dependence is similar to the bulk behavior with a temperature-pressure slope
of 3.9x102 K/MPa, which we refer to as the large slope regime. Moreover, the difference
between large and small slope regimes is much more pronounced than the variation of the
V203 thin film behavior with either crystallographic orientation or thickness, which
suggest that they are physically relevant.

We propose that the two-slope regime is due to the effective porosity of the films.
As observed in the AFM images (Fig. 4.3b) and XRR data (Fig. 4.3c), the films are not

uniformly dense, which allows for reversible grain boundary relaxation when pressurized.

As the films are epitaxial (Fig. 4.1), they are clamped to the substrate and relax back to
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the porous state when the pressure is removed. The small morphological changes seen in
the AFM images are due to small plastic deformations in the relaxation process.

This mechanism has been extensively studied for foam materials, which also
exhibit a kink in their stress-strain dependence, showing a low stress dependence at low
pressure and bulk-like behavior at high pressure?®-3!. In fact, qualitatively the change in
slope in Fig. 5 is consistent with a simple model that assumes the pressure to be isotropic
in the substrate and the film to be experiencing a reduced in plane pressure due strain
relaxation within boundaries. Then, with increasing pressure, the relaxation mechanism
become exhausted and the film behaves bulk-like®.

Pressure-dependent measurements help understanding the nature of the MIT and
the SPT in V20z3. The thin film dependence of V203 in the application-relevant low
positive pressure regime between 0 and 1.5 GPa is reported. We have found that
transition temperature of 2Oz thin films show two pressure dependencies; smaller than
in bulk below 500 MPa, and similar to bulk, above 500 MPa. This feature is unique to all
thin films measured in this work and has not been observed in the bulk counterpart.
Furthermore, the effect is largely independent of film orientation or thickness. This is
likely because the films are not fully compact (thin film density is 6.6% lower than bulk
value) and undergo strain relaxation when pressurized. This strain relaxation occurs both
in grain boundaries and in morphological defects in the film. When the stress relaxation
mechanisms become exhausted, the behavior of the film becomes the same as in bulk.
These findings are further supported by the fact that there are no structural changes in the

films before and after pressurization, while there is a slight change in the film
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microstructure. This is especially relevant for developing SPT-based heterostructure
devices since they often operate through elastic coupling with the V203 layer.
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Chapter 5 — Conclusion and outlook

Vanadium oxides are an important family of highly correlated oxides with many
interesting properties. The two oxides | have studied in particular, V203 and VOg,
undergo simultaneously both a structural phase transition and a metal to insulator
transition. Canonically, in V203, the MIT is a Mott transition with a Slater-like
antiferromagnetic ordering, while, in VO, there is dimerization due to a Peierls
transition, with some on-site repulsion and no change in magnetism. Both materials have
a highly inhomogeneous transition resulting in a large region of coexistence of both
metallic and insulating domains. In my thesis, | have studied the transitions in vanadium
oxides through three related modalities: ultra-fast time scales (Chapter 2), small length
scales (Chapter 3), and under strain (Chapter 4). Each of these experimental modalities
reveal something new about the nature of the transition and all of them point to the
importance of length scale competitions and material inhomogeneity.

In Chapter 2, we studied the effect of photoexcitation on the structure of V203 at
ultra-fast times using X-ray pump-probe experiment at SLAC Linear Coherent Light
Source. We observed a metastable structural phase that forms during a photoexcited
insulator to metal transition on a 2 ps timescale. The new phase is due to electron
delocalization in a structurally inhomogeneous lattice. This allows some of the low
temperature monoclinic cells to decrease their tilt returning to a rhombohedral symmetry,
increasing the overall structural correlation length. They key finding is a length scale
competition between monoclinic and rhombohedral domains which can be pushed toward
rhombohedral symmetry using photoexcitation and may be related to the underlying

electronic correlation lengths. Furthermore, our findings provide some evidence that this
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symmetry change, without the lattice constant change, is actually a second order
transition. This raises a question of whether equilibrium V203 structural phase transition
also occurs in a two-step process, with a second order symmetry changed followed by a
first order lattice constant change.

In Chapter 3, we studied the effect of device length scale on the current induced
transition in VO2 and V203. We found that the transition mechanism is different n VO
and V203 devices and developed an inhomogeneous thermoelectric model that explains
the behavior of both materials. We found that the devices do not transition simply
because of Joule heating induced rise in temperature or applied local electric field but as
a combination of both effects. We defined an effective local temperature, which is a sum
of true local temperature and the scaled magnitude of the local electric field. With this
insight we were able to quantitatively explain the behavior of both VO and V203 using a
high spatial resolution finite element methods model. We found that the reason previous
studies mostly sided with either Joule heating or electric field effects as being responsible
for the current induced transition is because there is a competition of length scales. As
device size shrinks relative dissipation increases and electric field effects become more
pronounced. Another important prediction we made is the presence of high Seebeck
fields in our devices. Because the transition is highly inhomogeneous and occurs through
filament formation, Seebeck electric fields on the order of 1000 V/cm are generated.

In Chapter 4, we studied the effect of pressure and strain on the phase transition of
V>03. Electrical properties were measured as a function of film thickness (40-300 nm)
and substrate orientation (r-, a-, and m- plane) at applied hydrostatic pressures of up to

1.5 GPa. We found that there is a deviation from bulk behavior due to morphological



66

inhomogeneity in the film. Small creases in the film grain boundaries act as effective
relaxation points, dramatically decreasing strain under 500 MPa. However, above that
threshold all of the pressure is transmitted through the film. Remarkably, this 500 MPa
threshold is mostly independent of thin film thickness and orientation.

There are still many interesting topics to be studied in vanadium oxides. From our
photo induced SPT studies, we have learned about ultrafast timescale symmetry changes
in the out-of-plane geometry. However, it is important to invetigate the in-plane
geometry. Another direction of research is to carefully analyze long time scale data. We
have preliminarily researched up to 500 ps delays and found that the structural transition
has a different functional time dependence from previous electronic measurements. This
suggests that on those time scales there may be a decoupling of structural and electronic
transition. This may be especially interesting because of our insight on the two-step
nature of the transition. While the structural transition looks like it has both a second
order phase transition step and a first order phase transition step, the Mott electronic
transition should be purely first order.

From our electrical transport in nanodevices studies we have developed a robust
electrothermal model to predict all kinds of VO and V.03 devices. An immediate further
validation can be made by studying a set of varying length scale devices of up to 1 um.
Our model predicts a crossover from majority-electric to majority-Joule heating driven
transition mechanism. Furthermore, additional work can be done by downscaling VO
devices to find if a purely electrically driven transition is possible.

Finally, from the pressure studies we found the importance of morphological

defects in strain relaxation in V20s. Preliminary studies by Dr. Christian Urban also
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reveal that adding metallic layer on top of V203 can prevent these relaxation mechanisms.
This is particularly interesting in that it opens up avenues for strain engineering in V203
and, thus, gives a new “knob” for control of the phase transitions. Potential interest lies in
how this can be combined with heat-assisted magnetic recording (HAMR) as we have
also previously shown large strain based coercivity enhancement in V,Os/Ferromagnet
bilayers.

Looking at materials through the window of “small, fast, and strained” allows us
an unprecedented view into material physics. For vanadium oxides we have observed
many length scale and time scale competitions and the importance of inhomogeneity in
almost all of the electronic and structural properties. Using inhomogeneity for novel
device and material engineering is an important challenge for upcoming research and
there are many promising avenues that my research has opened up -- from controlling
strain though bilayer coupling, to length scale tuning of nanodevices and spatially

inhomogeneous metastable transitions during photoexcitation.



Appendix A — Supplemental material for chapter 3

100 nm V203 and VO thin films were grown using magnetron sputter deposition
as described in Chapter 1. Film structure was verified with X-ray diffraction (Rigaku
Smartlab Diffractometer), which showed that the films were highly textured in both out-
of-plane and in-plane directions. The devices were fabricated on the films using a three-
step lithographic process. First, 20 um x 50 um vanadium oxide islands were defined with
negative-resist photolithography. Vanadium oxide outside of the islands was etched with
reactive ion etching with Oxford Instruments P80 RIE system. The etching was
performed for 2 minutes under 40 mTorr pressure with 50 sccm Cl and 10 sccm Ar flow
at 200 W. In the second lithographic step, triangular electrodes were defined using e-
beam lithographic system Raith50 with 950PMMA C4 positive resist. Exposure doses
ranged between 270 and 330 pC/cm? to adjust the gap size to the desired value of 140 x
200 nm. The electrodes were deposited by e-beam physical vapor deposition with a 20
nm of V adhesion layer followed by an 80 nm Au layer at a rate of 1 A/s. Finally,
positive resist (S1818) photo-lithography was used to define larger electrodes and
connection pads. The devices were inspected by scanning electron microscopy (SEM).
An example of the device is presented in the inset of Fig. 1a.

Electrical measurements were performed in a two-probe configuration using
Keithley 6221A current source and Keithley 2181A nanovoltmeter in a closed cycle
cryostat. Two types of electrical measurements were performed. Resistance-temperature
characteristic was measured with a fixed current of 100 nA, which is significantly below
the threshold needed to induce a metal-insulator transition. Current-voltage characteristic

was measured by slowly ramping up the current to 200 pA. Each measurement was
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performed in a series of ten at a sampling rate of 5 Hz, to ensure reproducibility. R-T
curves were taken at a temperature ramp rate of 1 K/min. Example R-T characteristic of a
VO and V203 device are presented in Fig 1.

We perform steady state finite element simulations using COMSOL Multiphysics.
Our model incorporates the Joule heating module which couples electrodynamics and
heat transfer physics. The dimensions of the simulated device reflect that of the fabricated
device with material properties taken from literature. Conductivity of the metal-oxide was
optimized to the R-T curve obtained experimentally from our devices.

Because the conductivity of vanadium oxides is temperature dependent, the partial
differential equation becomes nonlinear. In addition, conductivity changes by several
orders of magnitude within a few degrees kelvin resulting in bifurcations. This
phenomenon is reflected experimentally by a spontaneous formation of a filament at
critical power as current is slowly ramped.

To solve the coupled equations and address bifurcations of the system, we
implement an iterative method in COMSOL where a constantly damped Newtonian step
1s taken each iteration. This method continues until the solution’s relative error is less
than 10 for all dependent variables, upon which we consider the solution sufficiently
converged. In addition, multiple spatially independent solutions exist satisfying boundary
conditions. For this paper, we include the solution where the filament nucleates near the

middle of the channel.



Appendix B — Supplemental material for chapter 4
We propose a simple model to qualitatively explain the kink in the pressure
dependence of the critical temperature in V20z3. In this model the V203 grains are

represented as trapezoidal prisms packed in a square lattice (Fig B1).
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Figure B.1: (a) Side view (b) top view of the simplified V203 grain structure model. The
grain length scale is then s, while the grain boundary thickness is b, while near the
substrate there is an additional gap area (with length scale w).

While there is a thin strain relaxation layer in between the substrate and the film
(on the order of interface roughness, ~1nm) that is clamped, the V203 grains on top of
this layer can effectively shift laterally by expanding in the gaps between grains, without

moving their center of mass. As the pressure is applied the effective in plane stress in the

film is lower than the applied hydrostatic pressure, and the gaps between V203 grains
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shrink. At 500 MPa, where a kink in the dT¢/dP occurs, the gaps between grains
disappear and V.03 starts to behave like a bulk material.
Apart from grain geometry we make the following additional assumptions:
. Al>O3 substrate is isotropic and is subject to hydrostatic pressure
. V203 film is isotropic, when there is still gaps between grains (w>0) there
is a reduced in-plane pressure pred and an out of plane pressure po=pPhydrostatic
o As the pressure is applied, V203 expands faster than Al2Os substrate so the
gaps between grains close. Once they close the in plane pressure becomes the
same as the hydrostatic pressure (this is why at above the kink pressure (pk = 500
MPa) V.03 film behaves like bulk.
. The Tc is linearly proportional with the unit cell length scale (this is
supported by the fact that dT¢/dP is linear) so we can estimate the ratio of
(dTe/dP)before kink/ (AT c/dP)after kink as equal to (dI/dP)before kink/ (A1/dP)after kink

We find that given our model:

o The reduced in-plane pressure in V203 at the location of the kink is 96
MPa
o The expected ratio of slopes is 2.19, which is somewhat smaller than the

observed value of 3.25
B.1 Boundary relaxation length scale

The volume of a unit cell as shown on Fig 1 is

film

Vv :h(sz+s(b—w)+%(b—w)2j (0.1)
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Where s is the size of the V203 grain (as found from AFM, for example), b is the
boundary between grains, h is the thickness of the film, and w is the distance on the
substrate surface between grains. The volume of a continuous film of the same thickness
IS

\Y

cont —

h(s+b)’ (02)
If the true V203 volume in the film has the same density as in bulk (pbuik), then the

effective density (pefr) in V203 film is

Vi
= _Him 0.3
Peit = Pouik Y, (0.3)

cont

From reflectivity we can measure the electronic scattering length density (eSLD)
which is proportional to density (eSLD ~ pefr). We can define the ratio of film to bulk

density (using 1.1-1.3) as

2 1 2
5 Our :me :s +S(b—w)+z(b—w) 0
Pbulk Vcont (S + b)2

X-ray reflectivity measurements show ¢ = 0.94.

We can solve (1.4) for w
w=25(1-/g)+b(1-2p) (0.5)

The ratio of the uncovered substrate (&) area can be found with

w(2s+b—w)+w’

(s +b)?

£= (0.6)

Plugging (1.5) into (1.6)
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) (23+b)(23+b—2(b+s)\/5)
> (s+b)’ ©0

The only poorly known parameter is b (grain boundary width) and we use it as a
free parameter. We fit b= 6.37 nm (we would normally estimate b ~ 10nm). Plugging in
value s= 100 nm, b = 6.37 nm (free parameter), ¢ = 0.94 we get &= 0.002
B.2. Reduced in-plane pressure before kink

We can model the densification of the film under hydrostatic pressure in the
following way. Al2Os is subject to true hydrostatic pressure, while V203 feels an out of
plane pressure equal to hydrostatic pressure and a reduced in-plane pressure. When the
pressure increases from 0 to 500 MPa, the uncovered area shrinks to 0 and the V203
starts to feel the normal hydrostatic pressure. The condition when all of the uncovered

area disappears can be expressed as

A'A\/zoa = AAAlzoa + A.I (0.8)

where Ay is the uncovered area at 0 pressure, and AAv2oz and AAaizos are the

changes in areas of V203 and Al>Os respectively. The changes in areas are

AA 05 = (X 503 + Aszos)2 - )(\/2032 ~ 2X,2038%, 503 (0.9)

AA ~ 2X AX

Al203 Al203 Al203 (010)

The uncovered area is

AJ = GZXAlzos2 (0-11)

The relation between 0 pressure V.03 and Al>O3 length scale

X203 = Xaiz03y (1 =) (0.12)

Plugging (1.9-1.12) into (1.8) we get
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_ 2
2XV203AXV203 - 2XAI ZOSAXAI203 + é:xal 203

2(1_5) AXv203 =2 AXAI203 +§ (013)

Xv203 XAI 203

2 (1 - ‘é:) 8v203,inplane = 2‘S‘AI 203,inplane + é:

where ¢ is the strain.

The strains can be computed from elastic tensor, assuming isotropic elastic

properties
1 1 “Vyaos  “Vvoos
Cv203 = E V203 1 V203 (014)
v203
Vs “Vy2o3 1
1 1 “Va2ez “Vaizos
Caizos = E V203 1 V203 (0.15)
Al203
“Vaizos “Vai2o3 1

Where v are the Poisson ratios and E are the Young's modulus.

The hydrostatic stress is

1
Ohydro = —Po 1 (016)
1
and the reduced stress is
Po
Ored = pred (017)
pred
Then
&v203 = 12030203 (0.18)

Eni203 = Ca12039 ai203

Combining (1.13)-(1.18) we get that at applied pressure of px = 500 MPa we have
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Enz03(SEy 205 T 2Prea (1= &)L = Vi203)) + 2P (FEy 205 + 2Ey 205V a1203 + Earz03(& =DVi03) =0
(0.19)

Solving for pred We get

—CE n203Ev203 + 2P (By 205 (1 = 2Va1205) — Enia0a (& —1)Viaos) (0.20)
2E 5503(& =D (Viz05 —1)

pred =

Plugging in & = 0.002, pk=500 MPa, and literature values for other constants we
get prea= 91.6 MPa. This means that the reduced in-plane pressure is almost 5 times lower
than the applied hydrostatic pressure.

B.3. Ratio of slopes before and after kink

We assume that dTc/dP ~ dI/dP ~ d V3/dP where V is s volume length scale (this
translates the assumption that the critical temperature is linearly related to lattice
constant). This can be justified by the fact that Tc changes linearly with pressure. The
change in lattice constant between 0 pressure and 500 MPa (where the kink in dT/dP

occurs) is:

2
lv203 pk = lO ((1 + ngoB,inplane) (1 + gv203,00p))1/3 (1-21)
where o is the length scale at O pressure (since we are taking ratios lo will fall out
of the calculations). After the clamping pressure is reached further deformation is done

with hydrostatic pressure so for applied pressure pa and the kink pressure px we have

‘p,—p
g HV.__V,E:=E s U0 p:.'_.p.‘l
.\‘p:—p:i!

(0.21)

The change in length is then analogous to 1.21
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_ s 2 173
lc[amped - 10 (( 1 +8V203,c[nmped,mpianc ) ( 1 +6V2O3,c[nmped,mr.fc?/_bfnnc )}

Al

clamped = lcfumped - 1»’203, Pk

(0.22)
By computing lciamped for P=2px we can compute the ratio (dl/dP)-
unclamped/ (A1/dP)clamped = 2.19. Experimentally, the change in slope (dTc/dP)before kink/(dT-
o/dP)atter kink = 3.25, about 48% larger than our model predicts.
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