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The synthesis and study of quantum materials, e.g., materials showing strong
electronic correlations such as superconductors, is of increasing importance to areas
including information and energy technology. The vast majority of investigations in
quantum materials science are focused at the level of atomic order, but a growing body
of work demonstrates that mesoscale (10s-100s of nm) structure can modulate quantum
level derived properties. In particular, the field of superconductivity is rich in mesoscale
phenomena, such as periodic mesostructure dependent magnetic vortex lattices,
thermomagnetic flux avalanche behavior, or effects associated with the Cooper pair
coherence length. In this thesis, routes to quantum metamaterials are described, which
make use of a particular type of self-assembling soft matter components, i.e., block
copolymers (BCPs), to engineer the mesoscopic architecture and associated
macroscopic properties of superconductors in a highly tunable fashion.

After an introduction chapter, in which the particular challenges addressed in
this thesis are summarized, the second chapter of this thesis provides a broad overview
over soft matter enabled quantum materials, both in terms of what has already been
accomplished as well as a discussion of particular opportunity spaces for future work.

This overview presents the wide spectrum of novel structures and physical phenomena



made assessible through the use of soft matter self-assembly for the study of different
classes of quantum materials, i.e., superconductors, topologically protected quantum
materials, and magnetic quantum materials. The remaining chapters of this thesis
describe experimental studies assessing multiple pathways to BCP self-assembly
derived superconductors in an effort to bring new capabilities and insights to the field.
Throughout all these chapters, confinement and mesostructure in BCP derived
superconductors is reported to affect fundamental, quantum level properties. Further,
solution processible routes to superconductors are shown to enable new methods for
defining macroscopic shape and form. This thesis investigates BCP templated
superconductors though these two lenses: understanding the fundamental role of
mesostructure in defining quantum materials properties, and exploring the technological
benefits of solution processibility. To these ends, several synthetic routes are developed
which provide new scientific insights and/or demonstrate improved compatibility with
fabrication by a larger community.

In the third chapter, superconducting mesoporous niobium carbonitride (NbCN)
thin films are prepared using a triblock terpolymer as a structure directing agent for
niobia sol precursors. The final material structure after thermal processing is consistent
with a mesoscale distorted alternating gyroid composed of highly granular, crystalline
NbCN. Transport measurements determine the critical magnetic field in these
mesoporous thin film superconductors, which is equal to or higher than in bulk material
or non-porous films. It is conjectured that the porosity of the BCP templated NbCN is
responsible for improved properties due to better penetration of reactive gases during

processing. The work also successfully demonstrates transitioning BCP self-assembly



derived superconductors from the bulk to thin films allowing integration of
photolithographic top-down methods with bottom-up self-assembly to direct
superconducting mesostructures on silicon substrates. This promises the generation of
solution accessible device structures from a combination of ideas from the soft and hard
condensed matter sciences.

In the fourth chapter, hexagonally mesoporous, crystalline NbCN
superconductors are prepared using Pluronics-family BCPs. This achievement
overcomes a long-standing hurdle in the mesoporous materials field, creating phase-
pure transition metal nitride-type materials without loss of mesostructural order. It is
further demonstrated, that small molecule and polymeric pore-expanding agents as well
as choice of BCP molar mass and composition lends the ability to finely tune
mesostructural parameters like pore size and wall thickness. The wide availability of
Pluronics BCPs is expected to accelerate the investigation of this superconducting class
of mesoporous non-oxides, which should further enable a wealth of studies, e.g., into
host-guest interactions and mesostructure-property correlations.

In the fifth chapter, an alternative route to BCP self-assembly derived
superconductors is pursued, which involves backfilling of a BCP templated mesoporous
ceramic material with a superconducting metal, i.e., indium, under high pressure to
generate thick macroscopic bulk materials. To that end, triblock terpolymers together
with oligomeric polysilazanes are first self-assembled and processed to create double
gyroid structured silicon oxynitride (SiON) ceramic monoliths of order 60 pum in
thickness. After infiltration of these mechanically robust porous ceramic templates with

molten indium under high pressure, high-fidelity replication of the double gyroid



structure is observed throughout the thickness of the resulting nanocomposites. Analysis
determines that the superconducting coherence length of nanoconfined indium is
reduced to the length scale of the gyroid strut thickness, causing a switch from type I to
type Il superconductor behavior and a large enhancement of the critical magnetic field.

Finally, in a conclusion chapter the results of this thesis are summarized in terms
of key insights obtained from the study of BCP self-assembly derived superconductors.
Furthermore, an outlook is presented of possible future work that is enabled by the
findings described herein for the next generation of Ph.D. students continuing with this

line of research at the intersection of the soft and hard condensed matter sciences.
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CHAPTER 1

INTRODUCTION

Soft Matter Self-Assembly for Mesostructured Superconductors

The term soft matter represents a variety of systems which are physically
defined or altered by forces of the same magnitude in energy as room temperature
thermal fluctuations, and includes liquid crystals, colloids, polymers, and biological
materials.! Self-assembly refers to the tendency found in many of these systems for
matter to spontaneously self-organize into periodic structures. This happens at
characteristic lengths just above the atomic or molecular scales i.e., 10's to 100's of
nanometers, known as the mesoscale.> One important class of self-assembling soft
matter systems is known as block copolymers (BCPs), defined as macromolecules
obtained from two or more covalently linked, chemically dissimilar polymer blocks.
Determined by the interplay of enthalpic and entropic effects, BCPs undergo
microphase segregation into distinct mesophases with characteristic lattice dimensions
on the mesoscale. For the past several decades, a wealth of studies have shown that
sophisticated synthetic techniques can be used to tune the morphology and
characteristic periodicity of self-assembled BCP mesostructures with an exquisite
degree of control.> Much work has been done as well on the use of BCPs as structure
directing agents in the co-assembly with organic or inorganic additives, producing a
broad range of mesostructured composites and, after removal of the combustible

components, ordered mesoporous materials. These materials have found application in



a range of different fields, including separations, energy materials, and quantum
materials, where it is found that the mesoscale architecture defined by BCP self-
assembly can result in novel phenomena and/or improved properties.*”’

In the area of quantum materials, the first case of a BCP self-assembly derived
superconductor was reported in 2016.° In this work, the authors synthesized niobium
nitride superconductors with co-continuous cubic gyroidal morphology using a
triblock terpolymer as structure directing agent for a niobium oxide based sol. They
found evidence of flux-pinning defined by the BCP induced periodic lattice. While
largely limited to the two-dimensional regime in previous studies, there has been much
effort made to understand the effects of mesoscale structure on superconductivity.
Two important characteristic lengths scales which define superconductor behavior are
the London penetration depth and the coherence length, and typically fall in the
mesoscopic range of 10-1000 nm.® Confinement or periodic structuring of
superconductors at this scale can dramatically alter macroscopic properties such as the
critical transition temperature or critical magnetic field.” Furthermore, in the
technologically relevant type II class of superconductors there exist magnetic vortices
which allow the penetration of quantized magnetic flux into a superconductor.® These
vortices can order into periodically pinned arrays and undergo motion and phase
transitions, with such structures and dynamics also occurring on the mesoscale.
Changing the mesoscopic structure of a superconductor can thus have a large impact
over vortex phenomena and relevant properties such as the critical current density.!°

This thesis expands upon the use of BCPs for the synthesis of superconductors,

developing routes which lead to novel form factors, increased materials accessibility,



or entirely new materials systems. The goals of the works described in the following
chapters can be ascribed to two general categories: a scientific goal to gain insights
into the fundamental ways in which BCP derived mesostructures alter quantum level
characteristics and resulting macroscopic superconductor behavior, and a
technological goal to discover how BCP solution based self-assembly can give rise to
entirely new routes to superconductor formation with novel form factors not accessible

via traditional high-vacuum approaches.

Outline

Chapter two reviews the current status and future perspective of soft matter
enabled quantum materials i.e., materials made using self-assembling soft matter
components. This provides broader context into which the experimental studies
described in subsequent chapters fit. In the three categories of quantum materials i.e.,
superconductors, topological materials, and magnetic materials, current published
work is described which lies at the interface of soft matter and quantum materials, and
a summary is provided of the key findings and new phenomena or features which
come out of these studies. This chapter also includes a discussion of particular
opportunity spaces for future work in this area.

Chapter three presents a route to mesoporous NbCN superconductors in a thin
film form factor through the use of spin-coating and subsequent thermal processing of
a BCP/sol-gel system atop a silicon substrate. Through spin-coating and subsequent
patterning of these mesoporous NbCN thin films using conventional photolithographic

means, it is shown that polymer solution based superconductor synthesis enables



integration with nanofabrication. This amenability with planar processing is an
example of the desirable technological capabilities that soft matter can bring to
quantum materials synthesis.!! It is also expected that the adaptation of BCP templated
superconductors to the thin film regime will be a key enabler for device fabrication
and more in-depth characterization of electronic transport properties.

Chapter four demonstrates a route to a hexagonally mesoporous,
superconducting NbCN making use of Pluronics family polymers as structure
directing agents. Previously it was thought that the small wall thickness in mesoporous
materials derived from low molar mass Pluronics precluded their use in the templating
of non-oxides.!? This longstanding challenge is overcome through carefully tuned
thermal processing protocols. The commercial availability of Pluronics family
polymers is expected to greatly increase the accessibility of BCP derived
superconductors, as compared to the methods described in other chapters which rely
on custom-synthesized triblock terpolymers. Furthermore, this materials route may
allow for exploitation of the large body of literature and technology using Pluronics to
achieve new capabilities, e.g tunable pore sizes via swelling, host-guest interactions,
and novel mesostructure-property correlations.

Chapter five describes the use of high-pressure backfilling of molten indium
into BCP derived mesoporous templates to showcase an alternative route to a BCP
based mesostructured superconductor. This work addresses the challenge of high
quality BCP templating of metals in the bulk regime, which has in the past proven
challenging outside of thin films.!3"1>. Furthermore, while the nitride based materials

studied in the earlier chapters constitute type-II superconductors, indium is a type-I



superconductor, which poses additional interesting scientific questions addressed in
this chapter about how such quantum materials evolve in their macroscopic properties
when confined to BCP mesophase derived nanostructures.

Finally, in a conclusion chapter the results of this thesis are summarized and an
outlook is presented of work that is enabled by the findings described herein for the
next generation of Ph.D. students continuing with this line of research at the

intersection of soft and hard condensed matter science.
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CHAPTER 2

THE PROMISE OF SOFT MATTER ENABLED QUANTUM MATERIALS'

Abstract

The field of quantum materials has experienced rapid growth over the past decade,
driven by exciting new discoveries with immense transformative potential. Traditional
synthetic methods to quantum materials have, however, limited the exploration of
architectural control beyond the atomic scale. In contrast, soft matter self-assembly can
be used to tailor materials structure over a large range of length scales, with a vast array
of possible form factors, promising emerging quantum materials properties at the
mesoscale. This review explores opportunities for soft matter science to impact the
synthesis of quantum materials with advanced properties. We highlight existing work
at the interface of these two fields and then provide a perspective on possible future
directions by discussing the potential benefits and challenges which could arise from

their bridging.

R. Paxton Thedford”, Fei Yu", William Tait", Kunal Krishnaraj, Francesco Monticone, and Ulrich

Wiesner. in preparation (2022)



Introduction

Figure 2.1: Quantum materials from fundamental system parameters (left) all the way to
applications (right). System parameters are the different degrees of freedom that, upon
treatment by quantum mechanics, give rise to quantum phenomena underpinning classes of
quantum materials. With soft matter, we can identify additional degrees of freedom (e.g.,
disorder and mesostructure) expected to enable further altering and tuning of quantum

materials behavior.

Driven in large part by the current excitement about quantum information
science in general, and quantum computing in particular, the area of quantum materials
has seen substantial growth in recent years.! Similar to the early days of

nanotechnology, currently everything “quantum” captures the imagination even of the



public, as evidenced by product labels ranging from “quantum detergents” all the way
to “quantum cars”. The term ‘quantum materials’ was originally used more specifically
to refer to strongly correlated electron systems, but has since been broadened to
encompass a huge landscape of materials with the common thread of having properties
which emerge from non-trivial, quantum level effects: spin-orbit interaction, topological
order, and quantum coherence among others (Figure 2.1).!* This resultingly diverse
field has seen an explosion in productivity over the past decade, fueled by such advances
as the experimental realization of long sought-after particles/quasiparticles,’”!! the
achievement of room-temperature superconductivity at high pressures,'” the
development of material pathways to realizing qubits for quantum computing,'* and the
discovery of emergent behavior in novel material systems.'*'® Most importantly, the
emergent properties of quantum materials show potential for transformative
applications in a number of technological sectors that will impact our daily life.
Examples include quantum computers with processing abilities many times more
powerful than those available today, cybersecurity and encryption that would be
unbreachable by today’s standards, a national grid with almost no loss, or new personal
and commercial electronics with dynamic on-demand properties.?

Coined by Feynman in a speech advocating the further development of science
at small scales, the phrase “there’s plenty of room at the bottom™ describes well the vast
majority of approaches to quantum materials. Progress in quantum materials discovery
and development has so far primarily relied on atomic scale synthetic methods, often
with stringent conditions.!” Increasingly sophisticated techniques in crystal growth and

nanofabrication have given rise to the ‘age of silicon’, and directly enabled the

10



systematic study of quantum materials.!” Conventional synthetic methods for quantum
materials like molecular beam epitaxy (MBE), pulsed laser deposition (PLD), or single-
crystal growth techniques often require ultra-high vacuum or expensive equipment,
however, which can impede widespread adoption and limit throughput. Furthermore,
these traditional methods typically lack the ability to control structure beyond the crystal

lattice, and are often limited in their range of available form factors.

Figure 2.2: Comparison of the size of various synthetic elements, called synthons (bottom row),
the length scales which can be reached by their respective periodic structures (middle row), and
representative images of self-organized materials (top row). False coloring is used to connect
synthons with their assembled structures, and represents the decrease in free energy of
associated assemblies from left (small length scale, high energy) to right (large length scale,
low energy). Bottom row from left to right: de Broglie representation of an atom, sodium
dodecyl sulfate small molecule amphiphile, representative unit of MOF synthons

benzenedicarboxylate and tetrahedrally coordinated Zn*", liquid crystal synthon (mesogen) 4-

11



cyano-4’-pentylbiphenyl (5CB), poly(isoprene-b-styrene) block copolymer, and representation
of colloidal polystyrene sphere, octahedron, or ellipsoid. Top row from left to right: YBa>Cus3O;
crystal structure, amphiphile based spherical micelle, MOF-5 unit cell, representation of a
nematic liquid crystal phase, single unit cell of a block copolymer derived core-shell double

gyroid, and close packed colloidal crystal.

Much untapped scientific potential lies in the expansion of quantum materials
beyond the confines of these traditional synthetic techniques. In this context, the
convergence of hard and soft condensed matter science opens up a particularly large
opportunity space. Soft matter provides a wealth of systems with additional degrees of
freedom for controlling structure over a wide range of length scales (Figure 2.2).!® Basic
soft matter synthetic elements, or ‘synthons’ to borrow a term from organic chemistry,
encompass a literally infinite set of building blocks with sizes well above the atomic
scale that dominates the crystalline state of traditional quantum materials (Figure 2.2,
bottom row). A salient feature of soft matter is the ability for these synthons to
spontaneously self-organize into a plethora of mesoscopic periodic structures, a process
generally referred to as self-assembly. The lattice parameters of these structures
typically span a wide range from a few nanometers to several microns, well above those
of atomic lattices (Figure 2.2, middle and top).'® Most interestingly, and in stark contrast
to conventional crystalline inorganic materials, in some of these self-assembled soft
materials lattice parameters of specific periodic structures can be tailored over a wide
range on the mesoscale, e.g., by varying polymer molar mass via living polymerization

techniques.!®?? Synthetic routes to self-assembled materials are often referred to as

12



“bottom-up” approaches, which stands in contrast to so-called “top-down” strategies
including lithography, where materials are structured from the macroscopic scale
downwards.

The word ‘meso’ originates from the Greek language and means ‘middle’. The
mesoscale, therefore, sits in-between the atomic and macroscopic scales. The mesoscale
is a fertile ground for the exploration of emergent quantum effects. For example, take
the change in properties due to confinement. In the most basic sense, many quantum
materials arise from interfacial phenomena, proximity, or reduced dimensionality.*”-?3
Thus, the ability to tune interfaces or confinement on the mesoscale of nanometers to
microns can have direct consequences on quantum materials properties.?*
Superconducting nanoparticles experience an enhancement in critical parameters as
compared to their bulk counterparts.?>2¢ In HgTe/(Hg,Cd)Te quantum wells, there exists
a threshold thickness of 6.3 nm across which the topologically trivial insulating well
starts to harbor edge states, signaling topological phase transformations.?’ Attaining
room temperature thermal stability at the 10 nm length scale has been identified as a
key challenge for magnetoelectrically coupled multiferroics.?® An attractive feature of
soft matter-derived network structures in particular is the ability to tune confinement in
such materials while maintaining three dimensionally continuous connectivity. This
could offer opportunities to exploit effects, such as blueshifting of semiconductor band
gaps or enhancement in density of states, which arise from 1D-like confinement, while
maintaining desirable, more 3D-like transport or other properties.?’ Furthermore, in
some quantum materials it is mesoscale characteristic lengths or structures which

directly determine behavior. A prime example of this is in superconductors, where
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characteristic lengths which govern collective behavior of Cooper pairs and magnetic
vortex behavior can range from a few nanometers to microns.** Common to other soft
materials is the presence of photonic length scale structures for the study of light-
electron or light-matter interactions.>! Another effect which should be considered when
shifting focus to larger periodic length scales is the resultant decrease in the frequency
domain. This is exemplified very well in the exciting recent detection of topologically
protected Weyl points in a macroscopic gyroid photonic crystal sample using
microwave transmission experiments.!’ The construction, testing, and analysis of this
material was made much more feasible by its increased periodic building block size.
Similarly, other topological materials such as photonic topological insulators show
much promise in addition to their quantum level, electronic analogues.>3

Moreover, soft matter self-assembly can be used to structure direct other, e.g.,
inorganic materials lacking this ability for spontaneous self-organization. This enables
efficient transfer of diverse and often complex sets of mesostructures, e.g., to more
traditional quantum materials thereby enabling emergent behavior. Such bottom-up
self-assembly approaches have successfully been demonstrated across very different
inorganic materials classes, from amorphous glasses to crystalline transition metal
oxides, and from semiconductors across metals all the way to superconductors.?3° The
enormous amount of structural diversity obtained via self-assembly processes, and the
ability to transfer this diversity into relevant ‘hard’ materials, thus makes possible a
plethora of novel synthetic routes towards quantum materials otherwise entirely

inaccessible by traditional means.
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Finally, as an additional benefit, soft matter processing regularly entails facile
and cost-effective solution-based approaches, which typically can be scaled up in
straight-forward ways. Techniques like spin-coating or doctor blading, roll-to-roll
(R2R) processing, and additive manufacturing or three-dimensional (3D) printing are
commonly used in soft matter design and manufacturing, but until today are largely
absent in the study and use of quantum materials. Such approaches make soft matter
enabled quantum materials particularly appealing for translation into the commercial
sector. It is the combination of the enormous scientific as well as technological promise
that motivates this rapidly expanding and highly interdisciplinary research area.

The self-assembly of soft matter systems has been employed in ever more
sophisticated methods for the creation of periodically ordered materials on the
mesoscale, but as yet this toolkit remains vastly underutilized in the synthesis and study
of quantum materials.>* While this will inevitably present new challenges for both the
soft and hard condensed matter community, there is much potential for both
fundamental scientific discovery and innovation by bridging the artificial separation,
which has long divided these two fields. In this review we hope to showcase this
immense potential and demonstrate that, through soft matter enabled quantum materials,

“there is plenty of room in the middle”.
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Progress in Soft Matter Enabled Quantum Materials

The twin forces of variety and volume make the prospect of efficiently
categorizing the extensive work on quantum materials in conjunction with the even
bigger field of soft matter into a comprehensive review a daunting task. As such, in this
review we shall follow the example outlined in the 2016 Department of Energy Basic
Energy Sciences Workshop Report on Quantum Materials for Energy Relevant
Technology of grouping materials based on the nature of their most apparent emergent
behavior into three primary categories: superconductors, topological materials, and
magnetic materials?. While it is inevitable that findings covered in this review will strain

the bounds of any single category, we feel this to be a useful framework.

Superconductors

Superconductors have long loomed large in the public imagination. First
discovered in mercury at low temperatures in 1911 by Heike Kamerlingh Onnes, one of
the most salient features of superconductors is their ability to conduct electricity with
zero resistance below a critical transition temperature, Tc*® The achievement of this
resistance-free electrical transport at ambient conditions would obviously have
enormous and far reaching technological impact, and therefore the realization of a ‘room
temperature superconductor’ has long been considered a holy grail of modern
condensed matter physics. Central to the development of ever-increasing T¢ is a firm
understanding of the fundamental underpinnings of superconductivity. This
understanding advanced first through phenomenological or macroscopic treatments,

capped off by the holistic Ginzburg-Landau theory describing macroscopic
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superconductor behavior as a function of two characteristic lengths, the coherence
length and the penetration depth.** The seminal work of Bardeen, Cooper, and
Schrieffer (BCS)*! later elucidated the microscopic mechanism of superconductivity,
identifying supercurrent charge carriers to be electrons coupled by an attractive force
into bosonic ‘Cooper pairs’ which condense to form a macroscopic coherent state. In
conventional superconductors, this attractive force is attributed to electron-phonon
interactions.

Due to the limiting value of the Debye temperature, this phonon mechanism was
predicted at the time to limit the T. of strongly coupled superconductors of metals and
metal alloys to a maximum of around 28 K.*> This limit was far exceeded, however,
with the surprising breakthrough discovery of superconductivity in mixed copper
oxides;* excitement around this work led to the so called “Woodstock of physics™ at
the 1987 meeting of the American Physical Society. Cuprates, including the popular
YBCO and BSCCO, opened the door to an entirely new category of technologically
relevant high-temperature superconductors with T¢'s above the boiling point of liquid
nitrogen. Importantly, superconducting cuprates also joined organic Bechgaard salts**

4346 in the classification of unconventional

and heavy fermion superconductors
superconductors, materials which could not be explained through electron-phonon
coupling alone. Unconventional and high-temperature superconductors have since
remained an extremely active field of study, with much work performed in the service
of understanding these exotic materials*’ and achieving superconductivity in novel

15,48

material classes. The drive to achieve ever higher T¢’s, however, stalled in 1993 at

133 K.* This record has only recently been exceeded, notably in conventional BCS
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type, hydrogen rich superconductors with high phonon frequencies and strong electron-

phonon coupling under extreme pressures.!'?03!

Exploration of this class of
superconductors has recently achieved long sought-after room-temperature
superconductivity; the record now stands at 287 K in carbonaceous sulfur hydride, albeit
at a pressure of 267 gigapascals.!?

A well-studied phenomenon in superconductivity is the effect of material
confinement or structure on length scales commensurate with characteristic

25,40,52-54

superconductor length scales. Common considerations in granular

superconductors include proximity effects,”> Josephson coupling between individual

56,57 58,59

grains,> quantum phase slips, changes in phonon frequency, size dependent

quantum oscillations®’, vortex pinning forces at interfaces or mesoscopic structures,’!~
63 and discretization of electronic energy levels.®*%> The nano or mesoscale shape,
structure, or distribution in a granular superconductor can thus have profound effects on
critical parameters and behavior. The elucidation of these effects is important for
industrially relevant applications of superconductors, e.g., in composite materials,
Josephson arrays, high T. materials, and engineering magnetic behavior. Most
explorations of low dimensional or confined superconductors have utilized traditional
solid state synthesis methods.?>%667 A few efforts, however, have made use of more
facile solution-based techniques, relying on organic moieties in order to control size and
shape: small molecule ligands, surfactants, biomolecules, or polymers (Figure 2.3). This
work spans quasi 0-dimensional (0-D) nanoparticles, 1-D nanowires or nanorods, 2-D

thin films, to bulk 3-D mesoscopic architectures. In all these areas, mesoscale shape and

structure has been revealed to intimately affect superconductor properties.
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Figure 2.3: Superconductors of various geometries via soft matter self-assembly. (a) Lead
quantum dot superlattice. Adapted from®. (b) Zinc nanowires grown via electrodeposition into
a track etched membrane®; inset: parent track etched membrane. Adapted from”. ¢) Tin inverse
opal via melt injection of opal lattice, inset: depiction of the lattice geometry. Adapted from®.
(d) MoGe nanowires from DNA templates. Adapted from’’. (e) Lead nanowires templated with
SBA-15 silica adapted from” ; inset: parent mesoporous SBA-15 silica. Adapted from™. (f)
Block copolymer directed NDN with alternating gyroid structure, inset depiction of the

alternating gyroid lattice. Adapted from™.

In the quasi-0-D regime, much work has been performed to create nanoscale
superconducting objects. In many studies quantum dot synthetic techniques have been
used to create isolated nano-objects or weakly Josephson coupled arrays of

superconducting lead nanocrystals,®®7>-7¢ Pb/PbSe core shell particles,”” gallium
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nanoclusters,” or palladium bismuth chalcogenide nanoparticles.” In much of this work
it has been found that critical field strength and critical temperature typically increase
with decreasing material size until a certain material dependent point, at which critical
field, He, and T. decrease until superconductivity is lost. This is consistent with seminal
Anderson criteria,* and can often be understood at least partially in terms of increased
phonon coupling strength via surface modes competing with an increasing average
energy gap between successive electronic energy levels as material dimension is
decreased, the so-called ‘kubo gap’. With the claim as the first to demonstrate solution
phase synthesis of monodisperse and stable lead nanoparticles, Weitz ef al. were able to
tune both particle size and proximity in the condensed colloidal solid (Figure 2.3a).%
By decreasing ligand length from eighteen to six carbon chains, this work showed that
superconductivity in the lead quantum dots was first suppressed, then localized to a few
nanoparticles, then delocalized to the entire particle lattice.®

Proximity and shape can also be tuned in superconducting wires or wire
networks in the quasi 1-D regime through the use of strategies involving soft matter.
Zhang et al. made use of sodium dodecyl sulfate for the soft templating of single crystal
tin nanowires, and found that both the transition temperature and critical field strength
were enhanced®'. By tuning the ligand composition during growth, Moayed et al.
synthesized superconducting ‘zigzag’ PbS nanowires.”” Bezryadin and co-workers used
DNA molecules as templates for superconducting wires (Figure 2.3d).8%84
Electrodeposition into track etched polycarbonate membranes has also very often been

used to create nanowires®® (Figure 2.3b) of ruthenium,®® gold,®” bismuth,3¥-! zinc,%%%>

93 tin,%6-104 Jead,?6-98.104-106,106-108 or composites and alloys thereof.!®-!!! Wire networks
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made in this way have often shown similar behavior as discussed previously in
Josephson arrays of nanoparticles, and have been used as a platform to study the Little-
Parks effect, phase slip centers, proximity effects, and other effects of nanostructuring
on superconductors. A less common templating route to ultra-thin nanowires is through
the use of mesoporous SBA-15 silica, reported by Lortz and co-workers for both lead
and niobium nitride.”"!!? He et al. found that the nanostructured lead confined to 6 nm
porous silica (Figure 2.3¢) switches to type II superconductor behavior with evidence
of long range order in three dimensions via Josephson coupling between parallel
nanowires.”! Wong et al., however, found that 5 nm NbN/silica nanocomposites
behaved as a quasi-one-dimensional material, with no percolating bulk superconducting

state observed at low temperatures.'!?

This is attributed to a suppression of Josephson
interactions between neighboring NbN nanowires due to the much smaller coherence
length as compared to Pb.

Through bottom-up synthesis methods using self-assembled structures, a
number of interesting phenomena have been observed in mesoscale ordered 2-D
superconductors. In the work of Vanacken ef al. for instance, Nb thin films were grown
atop polystyrene colloidal crystals in order to create artificial flux pinning lattices.!!3
Valdepenas et al. utilized a diblock copolymer to alter the domain texture in a thin film
Nd-Co/Nb magnetic/superconducting multilayer structure.''* Jang et al. created

colloidal suspensions of superconducting nanosheets, which upon electrophoretic

deposition formed an asymmetric membrane.!!®
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The expansion of the field of mesoscale ordered superconductors into three
dimensions has been somewhat limited by a scarcity of appropriate synthetic methods.
Several routes to 3D mesostuctured superconductors have begun to be explored,
however, which showcase the potential for many classes of soft matter to create novel
superconducting materials. For example, in recent work DNA origami was used to
create nanowires!!® or a cubic superlattice of octahedral frames coated with niobium.!'!’
Through targeted design, DNA octahedrons were formed around gold nanoparticles,
which then assembled into simple cubic superlattices. By first replicating the DNA
struts of this structure in silica, then niobium, Shani ef al. demonstrated the fabrication
of a 3D array of Josephson junctions.!!” Through the use of the highly tailorable
platform of computer aided DNA origami, this method shows much promise for
achieving a wide array of possible structures and symmetries in mesostructured
superconductors.

An alternative route, the most common so far to 3-D mesoscale periodic

architectures in superconductors, is via infiltration into self-assembled bulk colloidal

crystals. This strategy has been employed to create inverse opal structured lead!!®-120,

120-122 120,123
9

tin indium, gallium,'?%!12* bismuth,'?* lead/bismuth alloys,'?° and tungsten
bronzes.!?® In the cases of classical type-I metals the inverse opal or opal composite
materials behave similarly to granular superconductors, with size dependent changes in
magnetization behavior and typically increased critical fields and temperatures. Aliev
et al. observed magnetization behavior in lead inverse opals, which suggested the

presence of novel fluxoid states and phase transitions in the nanostructured metal,

including multi-vortex and giant vortex states.!!® Additionally, Little-Parks oscillations
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were seen with periodicities commensurate with the opal unit cell size. Bykov et al.
observed similar lattice size dependent superconductivity in inverse opal structured tin
(Figure 2.3c), and from the magnetization behavior constructed a vortex phase
diagram.!?! Aliev later prepared opal structured LixWO3-y and NaxWO3-y tungsten
bronzes, and found evidence for localized non-percolating superconductivity with a
high transition temperature of 125-132 K.'?¢ Previous observations in these opal-type
superconductors may suggest the presence of an artificially ordered flux lattice, but this
was notably disproved by a study in 2021 by Lee at al. using small-angle neutron
scattering (SANS) which found only evidence for disordered flux arrays.'?’

An emerging method for the creation of 3-D mesoscale architectures in
superconducting materials is through the use of block copolymer (BCP) self-assembly
to structure direct other materials in the bulk or in thin films. This has been demonstrated
for both equilibrium and non-equilibrium structures. In the work of Robbins, Beaucage
et al., triblock terpolymer polyisoprene-b-polystyrene-b-polyethylene oxide (PI-b-PS-
b-PEO, or ISO in short) was used to create mesoporous niobium nitride superconductors
with cubic co-continuous single gyroid network structure (Figure 2.3f, inset) via
evaporation induced self-assembly with sol-gel derived niobium oxide sol-nanoparticles
and subsequent heat treatment under ammonia.*>* The mesoporous NbN was found to
have incomplete flux exclusion at low field strength, and magnetization behavior
suggested flux penetration commensurate with the gyroidal lattice constant. Thedford
and Beaucage et al. also found that indium metal switched from type-I to type-II
behavior when confined in a gyroidal ceramic template, which similarly suggested that

the BCP defined architecture could be responsible for the creation of magnetic vortices
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and hard pinning centers.!?® Notably, the use of bulk block copolymer co-assembly has
been demonstrated as a versatile method for independently tuning morphology and
characteristic lattice parameters across a large mesoscale range (from typically tens to
hundreds of nanometers). In 2021 Beaucage et al. applied this tunability in the synthesis
of niobium carbonitride (NbCN) superconductors.'?? In addition to creating materials of
a quality parallel to traditionally synthesized NbCN (T. of 16 K), this work found that
mesoscale morphology induced by BCP self-assembly had an effect on the transition
temperature of NbCN materials which appeared chemically identical via X-ray
diffraction analysis.'?” Furthermore, BCPs give access to many morphologies otherwise
difficult to obtain, including chiral cubic and networked structures, and enable a wealth
of possible processing degrees of freedom. Yu and Thedford et al. showcased this in the
use of spin-coating and lithography to create area defined thin film NbCN
superconductors.!® In this work it was further shown that BCP templated mesoporous
NbCN materials possessed enhanced critical fields in comparison to dense analogs.'3°
Moving to non-equilibrium derived BCP directed structures, in the work of Hesse &
Fritz et al., co-assembly of a titania sol with the triblock terpolymer polyisoprene-b-
polystyrene-b-poly(4-vinylpyridine) (PI-b-PS-b-P4VP, or ISV in short) was used in
tandem with non-solvent induced phase separation to create hierarchically porous,
asymmetrically structured titania membranes. After careful thermal processing under
ammonia, these titania membranes were converted into superconducting TiN. At room
temperature, such materials displayed record level capacity retention and power density
as electrochemical double-layer capacitors, and at low temperature could find

application as superconducting membranes for gas separation.!®!
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Topological Materials

The exploration of topological phases of matter started when Thouless et. al.
identified a completely novel scheme of classifying electronic phases!? based on the
topology of the electronic band structure.!3*!3% They showed that the Hall conductivity
in the quantum Hall effect for a 2D electron gas in a strong magnetic field is proportional
to a topologically invariant number, now called the Chern number.!33:136:137 This
topological invariant distinguishes the quantum Hall phase from a trivial insulating
phase, and experimentally manifests in the form of Hall conductivity that is protected
against disorder, and one-way transport of charges on the edge of the sample!3%13 —
features that are not found in conventional insulators. Microscopically, the topologically
non-trivial behavior of the quantum Hall state is a consequence of the quantum
mechanical behavior of electrons in a magnetic field, in particular, the non-zero phase
acquired by the electron wavefunction as it travels a closed loop in momentum space!*¢
(this is an example of a “geometric phase”, which does not originate from wave
propagation, but is instead a result of the curved geometry of momentum space).
Because of this unconventional origin, topological phases of matter cannot be classified
based on Landau’s theory of broken symmetry!*’ that is used to identify conventional
phases of matter.

A few years after this discovery, it was then theorized that an external magnetic
field is not necessary to realize a topological material.'*!!4? The strong coupling
between the spin and orbital angular momenta of electrons in certain materials is

sufficient to create a topological state, called the quantum spin Hall state, that can be
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described using a spin-Chern number. These topological materials exhibiting quantum
spin-Hall effects have conducting edges and an insulating bulk, earning them the name
“topological insulators” (whereas the name “quantum Hall insulators” is more common
for topologically non-trivial insulators based on the quantum Hall effects). Following
these theoretical predictions,'** the first spin-orbit-coupling induced topological
insulator was realized in thin films of HgTe sandwiched between CdTe.!** In contrast
to the quantum Hall phase, topological insulators are not limited to 2D structures.!4>-146
3D topological insulators that exhibit spin-polarized surface states have also been
recently studied.!#” It is noteworthy that, in stark contrast to superconductivity, which
was first accidently discovered and then explained using theoretical models based on
the quantum nature of interactions, topological insulators were first described
theoretically before candidate materials were identified and tested.

One of the hallmarks of topological materials described above is the existence
of unidirectional edge states that do not backscatter in the presence of defects. These
edge states are guaranteed by the so-called “bulk-edge correspondence principle,”
which states that the net number of unidirectional edge states in a topological material
is related to a topological invariant number that is evaluated from the eigenmodes of the
bulk material.!*® In the quantum Hall phase, the external magnetic field breaks time
reversal symmetry and generates unidirectional conducting channels on the edges of the
sample that are unaffected by sample defects.!*” On the other hand, in the quantum spin
Hall phase, two counterpropagating channels exist on the sample edges with opposite
electron spin polarizations in the absence of an external magnetic field.!* Since

Kramers theorem for electrons prevents any interaction between the two opposite spins
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in a time-reversal symmetric system, these edge modes are not backscattered by non-
magnetic defects in the sample. Thus, it is time-reversal symmetry itself that guarantees
the robustness of edge modes in topological electronic insulators based on the quantum
spin-Hall effect.

Since the origin of the non-trivial topology in electronic band structures is due
to the geometrical phase acquired by the electron wavefunction, which is a general
phenomenon of wave physics, any wave-based platform can, in principle, be engineered
to exhibit topological phases. This was first recognized by Haldane and Raghu,!4-150
who showed that an analog of the quantum Hall phase can be constructed for light in a
hexagonal array of magnetized ferrites with a periodicity commensurate with the
wavelength of light, called a photonic crystal. This unleashed a deluge of research work

151,152

dedicated to realizing topological phases in various photonic, acoustic!> and

mechanical!>*

wave-based systems. It must be mentioned, however, that these classical
wave-based systems do not have the same properties as their electronic topological
counterparts. This is because electrons are fermions whereas photons and phonons are
bosons which do not obey Kramers theorem and allow mixing of opposite spins.!> As
a result, while electromagnetic and photonic structures with broken time-reversal
symmetry (e.g., magnetized plasmas and ferrites) can realize the equivalent of quantum
Hall insulators, additional symmetries are needed to realize the analogs of quantum
spin-Hall topological insulators.!*> Furthermore, these light based topological insulators

remain fundamentally more fragile to generic perturbations than their electronic

counterparts.
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Figure 2.4. Topological materials from soft matter. (a)-(c) Topological photonics. (a)
Schematic arrangement of an optical waveguide array composed of hexagonally organized
helices, which implements a Floquet topological photonic insulator (adapted from Ref">°); (b)
image of the waveguide array structure made from an organic photoresist using direct laser
writing (adapted from Ref '”’); (c) experimental demonstration of a topological edge mode
propagating around the corner of the lattice with minimal backscattering (orange ovals indicate
the irradiated regions). (d) Symmetry breaking from double gyroid (left, space group la3d) via
single gyroid (middle, space group 14,32) to orthorhombic networks (right, space group F222)
to satisfy the symmetry requirements for the emergence of Weyl points (topological
degeneracies in 3D momentum space) from self-assembled block copolymers. (e)-(f) Dirac point
(DP) in COFs. Adapted from %. (e) Molecular building block and corresponding scanning
tunneling microscopy image of honeycomb 2-D structure; (f) Second derivative angle-resolved
photoemission spectroscopy (ARPES) data for observed DP with calculated bands (dashed

lines).
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Apart from spin-orbit coupling and external magnetizations, time varying
periodic potentials can also result in a topological state. Dubbed a Floquet topological
insulator, such phenomena were first shown by irradiating a quantum well with
microwaves.!® In photonics, this state was first emulated in a mesoscale structure
consisting of honeycomb lattices of helical waveguides in fused silica.!>® This structure
is time-invariant, but propagation along the helical waveguides acts as an effective
‘time’ axis. The signatures of topological protection, such as backscattering-free edge
state propagation, ware indeed observed experimentally in this structure (Figure 2.4a-
¢).!7 The hexagonal (honeycomb) arrangement of chiral helices utilized in this material

is especially relevant to soft matter!'®®

since it can be self-assembled, e.g., using
BCPs.161:162 Soft matter in the form of organic photoresists can similarly be used to
construct non-trivial topological structures based on helical waveguides using direct
laser writing.

Another topological phase of matter that was recently identified is the Weyl
semi-metal state.!91% Unlike topological insulators, Weyl semi-metals are 3D
materials and are not insulating in the bulk since the valence and conduction band
intersect at a point in 3D momentum space. The topological invariant characterizing
Weyl semi-metals can be determined from the gauge field corresponding to the phase
acquired by the electron wavefunction, called the Berry curvature.!3* The points where
the valence and conduction band intersect, known as Weyl points, behave as sources or

sinks of Berry curvature.!% The topological charge of the Weyl point can be calculated

by integrating the Berry curvature on a closed surface around the corresponding Weyl
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point in momentum space. Since the charge carried by the Weyl points is conserved,
disorder or impurities in the material cannot create or destroy Weyl points, making the
Weyl semi-metal state exceptionally stable. Based on the symmetries of the Berry
curvature it can be shown that Weyl points can only be found in materials that have
either broken inversion or time-reversal symmetry.!64

In photonics, Weyl semi-metals were first experimentally observed in a photonic
crystal consisting of a double gyroid structure!®® that is also found in a wide range of
assembled soft matter mesostructures. Recently, this structure has inspired a bottom-up
approach of self-assembly of BCPs to prepare mesostructures that can host photonic and

phononic Weyl points.'®’

This is achieved by breaking the inversion symmetry of
double gyroids by moving to single gyroids (also referred to as asymmetric double
gyroids or alternating gyroids), which is another mesophase accessible from ABC-type
triblock terpolymer self-assembly.'®® A further deformation of the single gyroid network
lattice to achieve point group D2 symmetry is then required for the Weyl point to
emerge. This symmetry reduction has recently been experimentally evidenced in hybrid
thin films of heat-treated PI-b-PS-b-PEO (ISO) structure-directing resorcinol resols that
are subsequently used in transient laser heating experiments to transfer the structure
control into semiconductors like silicon (Figure 2.4d). The appearance of (002) peaks
in grazing-incidence small-angle X-ray scattering (GISAXS) of final nanostructured
and mesoporous silicon suggested sample deformation-based symmetry breaking from
space group 14132 of a single gyroid upon solvent evaporation based self-assembly and

subsequent thermal and laser treatments.'® The facile and scalable processing via spin-

coating, solvent vapor annealing (SVA), general furnace heating, and transient laser
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annealing paves the way toward photonic/phononic Weyl materials fabrication from
BCPs and other soft matter self-assembly. Furthermore, since all of these steps are
consistent with semiconductor processing, direct integration into chip fabrication is also
possible.

Compared to hard matter-based topological electronic insulators, soft matter
mesostructures that implement photonic/acoustic topological materials typically have a
less-than-perfect structure and often dissipate the energy of the propagating photonic or
acoustic wave in the form of scattering or absorption losses. This dissipation induces
non-Hermitian perturbations to the Hamiltonian describing the system.!”® While this is
often seen as a nuisance, as it prevents longer propagation distances, recent studies have
shown that non-Hermiticity can introduce rich topological features not found in
Hermitian systems such as exceptional points:!7!172  degeneracies where both
eigenvalues and eigenvectors perfectly coalesce. In addition, exceptional points are
associated with a local band dispersion that follows a square-root function around its
branch point (in contrast to the linear dispersion of other degeneracies like Dirac points
or Weyl points), which has been recently found to be potentially useful for enhanced

1737175 and modal transformations.!’¢-17® Interestingly, the non-Hermitian nature

sensing
of these systems does not necessarily alter the topological invariants of the system,
which are preserved in the presence of moderate values of dissipation, but rather the
specific impact of dissipation depends on the mechanism that makes the system
topological i.e., broken time-reversal symmetry or inversion symmetry.!”® Furthermore,

at atomic length scales, self-assembled soft matter is typically amorphous; however, this

also does not necessarily destroy the topological robustness of the system since
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topological edge states have been known to persist in the amorphous liquid regime. 3%
182

While photonic and phononic topological materials have been demonstrated
using soft matter, topology has also increasingly begun to permeate soft-matter derived
materials based on electronic waves. 2-D metal-organic frameworks (MOFs) have been
predicted to possess nontrivial band topology.!83 MOFs are highly porous coordination
polymers made from organic ligands stably coordinated to a metal center. MOFs can
have 1-,2-,0or 3-D structures, and their hybrid organic-inorganic nature can give rise to
many exotic electronic and magnetic properties.!3* This transcends the notion that
topological phases are restricted to purely inorganic materials.!®>"187 The versatility of
reticular chemistry in the synthesis of MOFs offers the freedom to perform chemical
substitution at the molecular level, to modify the connectivity, and hence the lattice type,
of the MOF network, and to tune quantum effects such as spin-orbit coupling by
changing the metal ion. We expect the organic molecular linker, as with other soft
matter, to be adaptive in that it can be engineered over a wide range of length scales and
physically strained to the extent not allowed for atomic lattices. Indeed, linear
degeneracies, called Dirac cones, have been revealed by angle-resolved photoelectron
spectroscopy (ARPES) in 2-D n-conjugated polymers (or covalent organic frameworks,
COFs), whose lattice is an order of magnitude greater than that of graphene (Figure 2.4e
and f).!*8 In this scenario, certain perturbations that break inversion or time-reversal
symmetry could then open a non-trivial topological gap in the spectrum resulting in a

transition to a topological phase.

32



In summary, we foresee that soft matter will play an important role in fabricating
topological materials for photons, phonons, and electrons, for applications spanning
different domains of physics and engineering. In addition, further explorations into the
combined structure formation of both high-quality crystalline atomic lattices of
topological electronic materials and the periodically ordered mesophases of topological
photonic/phononic soft matter may open new opportunities at the intersection of

different disciplines.

Magnetic Materials

Magnetism has been studied for centuries, with arguably the first published
approach of scientific inquiry to magnetism being William Gerbert’s De Magnete from
the year 1600.!3% While inquiries into magnetism have ranged from its impact on
nanoparticles all the way to planet earth, much recent work in this area has probed into
quantum mechanics, elucidating exotic magnetic quantum materials.!®® In the broadest
sense, magnetism as a quantum phenomenon is associated with the electronic spin
degrees of freedom.? Magnetism has been used to produce a variety of interesting
physical phenomena that hold great promise for and increasing fundamental
understanding of exotic systems,? as well as applications in areas including computing
and energy.

Multiferroics are materials that simultaneously display more than one type of
“ferroic ordering” i.e., ferromagnetism, ferroelectricity, and ferroelasticity.?® Of
particular interest for future applications in energy and “smart” technologies are

magnetoelectric multiferroics, in which the materials are both ferroelectric and
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ferromagnetic, or some associated weaker version of those orderings, and the magnetic
field affects the electronic properties and vice versa. There are multiple routes to
multiferroics.?®!% A common route is making heterogenous structures combining
independently ferromagnetic and ferroelectric materials. Typically, this strategy
involves making magnetic islands in a ferroelectric matrix; traditional “top-down”
methods include nucleating and growing magnetic islands randomly on a substrate with
methods such as nucleation and growth, and then backfilling or growing the ferroelectric
matrix around the islands.'° Lithography and epitaxy have been employed to overcome
this random nucleation and try to impose a periodic order on the nanoislands.'”®
However, these methods are still expensive and not friendly to high through-put
processing. Soft matter has offered some promising alternatives in heterogenous
multiferroics.

While lithography and epitaxy can provide periodic order and shape control, soft
matter offers similar advantages, with the added benefit of solution processability. Ren
et al. made a common heterogenous multiferroic of magnetic CoFe;O4 (CFO) and lead
zirconate titanate (PZT) using sol-gel methods and the diblock copolymer poly(styrene-
block- ethylene oxide) (PS-b-PEO) as a structure directing agent.'”! Multiferroic
nanocomposites made from block copolymers have also been fabricated by using one
of the blocks as the ferroelectric component.'*? Terzi¢ ef al. made a lamellar multiferroic
heterostructured nanocomposite using an ABA-type poly(2-vinylpyridine)-block-
poly(vinylidene  fluoride-trifluoroethylene)-block-poly(2-vinylpyridine)  tri-block
copolymer (P2VP-H-P(VDF-TrFE)-b-P2VP), where the P(VDF-TrFE) block itself was

ferroelectric and gallic acid-modified CFO nanoparticles were segregated into the P2VP
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blocks!'®? (Figure 2.5a-c). Exciton photovoltaic polymers have also been used to
progress towards all polymeric multiferroics; Lohrman et al. developed a diblock
copolymer of poly(3-hexylthiophene)-block-(3-hexylcarboxylate thiophene) (P3HT-b-
P3HCT), which had an all conjugated backbone connecting two blocks with distinct

electronic properties and crystallinities.!*3

This allowed for high charge separation and
excitonic ferromagnetism in a thin film made of the micro-phase segregated block
copolymer, creating a material with a strong magnetoelectric effect and paving the way
for organic excitonic multiferroics.!”®> The promise of polymers as the future of
heterostructured multiferroics has not gone unnoticed; a recent prospective published
by Xu et al. highlighted polymer templating methods as a low-cost alternative for
fabricating large-area, nanostructured thin films of complex metal oxides, particularly
focusing on multiferroic nanocomposites.'**

Another soft matter enabled heterostructured multiferroic was a core-shell
multiferroic nanocomposite made from DNA-functionalized NiFe.O4 (NFO) and
BaTiO3 (BTO) that were tethered together by complimentary DNA oligomers (Figure
2.5d-1).!% These particular nanocomposites were able to be directed into superstructures
by a magnetic field, due to the reversibility of DNA hybridization. The core-shell
nanocomposites showed magnetoelectric coupling, and the bulk composites produced
upon sintering were shown to have stronger magnetoelectric coupling than a bulk
composite made from randomly mixing NFO and BTO nanoparticles.'*>

Furthermore, magnetoelectric multiferroics can be realized with a hybrid single-
phase material. Soft matter has offered a route to these materials in the form of MOFs.

One family of MOFs, the dimethylamino manganese formates (DMAMnNF) form into
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perovskite-like structures; these MOFs display multiferroic behavior that occurs
through temperature-dependent order-disorder transitions (Figure 2.5 g-i). 19617 This
induces MOF transitions from antiferroelectric to ferroelectric, and paramagnetic to
antiferromagnetic states, respectively. Other types of MOFs can also exhibit
multiferroicity.!”® One example is a 3-D porous MOF structure with ethanol included in
it as a guest molecule.! Due to order-disorder transitions affecting the orientation of
the polar ethanol molecules, the [Mn3(HCOO)s](C2HsOH) MOF underwent paraelectric
to ferroelectric and paramagnetic to ferromagnetic transitions at 165 K and 8.5 K,
respectively.!'” The diverse and dynamic structures of MOFs, as well as the large
variability of their chemical make up for each potential structure, renders them strong
candidates for soft matter that will have intrinsic emergent quantum properties in

magnetics and other fields.

36



Figure 2.5: Examples of soft matter-enabled multiferroics prepared from a variety of material
classes: BCPs in the first row adapted from Terzié¢ et al.'”’, DNA in the second row adapted
from Sreenivasulu et al."”, and MOFs in the third row adapted from Jain et al.”’” a) Schematic
of BCP with CFO NPs co-assembly to make lamellar multiferroics. b) SEM of lamellar
multiferroic made from co-assembly of BCP and CFO NPs. ¢) Polarization and magnetic
behavior of the BCP-CFO nanocomposite. d) Schematic showing the DNA-DNA self-assembled
BTO-NFO nanocomposites. e) SEM depicting core-shell nanoparticles arranged into colloids
by external magnetic field. f) Characterization of polarization and magnetic behavior of BTO-
NFO DNA-assisted nanocomposites. g) Cartoon of the structure of DMAMnF MOF. h)
Temperature-dependent polarization behavior of MOF, along with demonstration of the effect
of external magnetic field on polarization behavior, demonstrating magnetoelectric coupling.
i) Optical image showing second-harmonic generation (SHG) in domains (bright areas) of the

DMAMnF MOF, exhibiting areas that are non-centrosymmetric due to phase transition.

Spin ices are another class of magnetic quantum materials that display
interesting properties. Spin ices are geometrically frustrated spins that with their
magnetic moments follow the “ice rule”, first described for the atomic placement of
hydrogen atoms in water ice lattices:?°° similar to the “two-near” and “two-far” positions
of hydrogen around an oxygen atom in crystalline water (from two hydrogens of the
H>0 molecule and two hydrogens from two neighboring H>O molecules, respectively),
they consist of corner-linked tetrahedra of magnetic ions with non-zero magnetic
moment each (“spin”). In the low energy state, two of these moments point outwards
(“two-out”) and two point inwards (“two-in") for each of the tetrahedra. Due to these

magnetic frustrations, spin ices realize exotic properties such as magnetic monopoles
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and residual entropy, the latter just like in water ice, where the number of configurations
conforming to the ice rule grows exponentially with system size, leading to a substantial
zero-temperature entropy. Typically, a spin ice is realized as nanomagnets at vertex
points of periodic structures; this periodic nature leaves open a runway for soft materials
to play a part in fabricating spin ices.?! The spin ice was first discovered in rare earth
titanate pyrochlores, which has a crystal structure that has magnetic moments at the
vertices of tetrahedra.?’! Attempting to replicate and control this phenomenon with
synthesized materials led to the expansive field of artificial spin ices (ASIs). ASIs
started as 2-D square and kagome lattices with nanomagnets placed at vertices, but as
the field developed, 3-D ASIs were synthesized as well. One section of soft matter that
has found much use in the field of ASI is colloidal crystals. Using magnetic particles
and clever processing methods, colloidal scientists have generated a number of ASI and
ASI analogs with colloidal crystals.?22% In 2013, Mistonov et al. fabricated an inverse
opal like structure of cobalt by backfilling a colloidal array of polystyrene microspheres;
the resulting structure was able to follow the ice rule, making it a 3-D ASIL.2%? Further
investigation of the micromagnetic structure in cobalt inverse opals via simulation and
small-angle neutron scattering followed in 2019.2% Ortiz-Ambriz and Tierno combined
lithography with soft matter, using the colloidal self-assembly of paramagnetic particles
in double-well traps to realize another colloidal spin ice.?®* In 2016, Shishkin et al.
generated another inverse opal like structure from a colloid, this time made from
nickel;?7 their structure was considered a spin-ice analog since it was larger than
considering lattice sites on an inorganic crystalline material.?** Block copolymer

templated architectures have also been investigated for controlled micromagnetic
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structure, first in 2011 by Hsueh et al. in nickel and more recently in an in-depth study
by Llandro et al. investigating Ni-Fe gyroidal networks.?%

Spintronics is a vast field that does include materials that are multiferroic and
spin ices; however, there are other types of materials that can be used for spintronics
that are enabled by soft matter. Spintronics, or spin electronics, is a field of growing
interest that uses electron spin, rather than charge, to carry information; the associated
extra degree of freedom with spin offers potential benefits including reduced power
consumption and increased processing speeds.??*2!® While there is crossover in the
fields of multiferroics and spintronics, the field is employing a variety of materials. One
type of commercially available spintronic is the spin valve used in magnetic hard drives,
which works due to the giant magnetoresistive effect, independently discovered by Fert
and Grunberg in 1988, earning them the 2007 Nobel Prize in Physics.?!? It should be
noted that biological soft matter has also shown intrinsic properties than could allow
them to play a part in molecular spintronics.?®> While lead sulfide (PbS) colloidal
crystals have been known for their electronic properties, Moayed et al. demonstrated
the potential value of colloids in spintronics.?!! The group was able to break the
centrosymmetric O, symmetry of PbS by confining the material to a 2D nanosheet and
then subjecting the nanosheet to external asymmetric boundaries. The 2D nanosheet was
sandwiched between the interface of SiO; and vacuum, and a gate electric field was
applied; this resulted in the nanosheet of PbS belonging to the point group Cy4 with no
inversion symmetry. The resulting PbS colloid demonstrated spin-orbit coupling and
the ability for solution-processible, industry-compatible colloidal crystals to be

integrated into the growing field of spintronics.?!! Due to their highly tunable
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dimensionality, geometry, and chemistry, MOFs have also been investigated for
applications in spintronics. For example, Chakravarity et al. used theoretical arguments
and calculations to predict that bis(dithioline)(BHT)-based MOFs have potential uses in
spintronics and in realizing geometrically frustrated systems.?'? Beyond the first
principal studies, Song et al. realized a semi-conducting MOF thin film that was able to
perform as a spin  valve, using  the MOF Cuz(2,3,6,7,10,11-

213 The thin films were fabricated using layer-by-layer

hexahydroxytriphenylene)s.
deposition, and had a magnetoresistance of up to 25% at 10 K.?!3 Self-assembly of block
copolymers has also begun to be used for the manipulation of spin waves, as shown by

Manuguri et al. in the use of BCP micelles to direct a magnonic assembly (i.e., a material

with magnetic properties periodically varied in space).?!4

The convergence of soft and hard condensed matter

Over the past 30 years the progression of soft matter science towards advanced
functional materials provides illustrative examples of the opportunities and challenges
for soft matter enabled quantum materials. Observing the convergence of soft and hard
condensed matter physics over this timeline showcases several runways towards novel
quantum materials in multiple soft materials classes (Figure 2.6). In soft matter, the
characteristic length scale and morphology of mesoscale architectures is widely tunable
via synthetic or processing means. Mesostructure is also adjustable via choice in soft
matter agent, though notably a number of morphologies appear commonly throughout

multiple materials classes due to some shared thermodynamic features.?!>216
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Figure 2.6: A timeline detailing seminal progress of the convergence of soft and hard matter
across different material classes. The timeline shows a general trend of increasing
sophistication of control over self-assembly, variety of materials being structure-directed, and
quality of functional materials being structure-directed. DNA (top row) has shown progress
from directing colloidal crystals of gold nanoparticles to intelligent, computer assisted design
of DNA “origami.” MOFs, COFs, and SAMs (second row) have introduced high levels of
controllable crystallinity and intrinsic functionality into the field of soft matter. Colloids (third
row) have offered routes to the hard and soft templating of functional materials, with geometric
variety ranging from packed spheres, to complex binary superlattices to kagome lattices.
Surfactants, liquid crystals (LCs), and block copolymers (BCPs, bottom row) have progressed
from serving as a mere template for a few nanostructured silica and metal oxide mesostructures
to sophisticated structure directing agents whose combined self-assembly with a variety of

organic and inorganic precursors provides access to a plethora of mesostructured inorganic
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materials with varying symmetries and topologies as well as mesoporous materials with large

surface areas.

Molecular and Macromolecular Self-Assembly for Structure Direction and Templating

Self-assembling soft matter “synthons” can be used to induce nanostructure in
other organic and inorganic materials that lack mesostructural ordering by themselves.
This can be done through either structure direction, or soft or hard templating. Structure
direction involves the cooperative assembly of a self-assembling ‘synthon’ and other
organic or inorganic precursor species. In particular, structure direction entails that the
soft matter component and additive closely associate and assemble in tandem into
intimately mixed hybrid phases. Precursor species can then be crosslinked or condensed
in the resulting hybrid material, and the soft matter component removed via selective
etching or heat treatment.?!” In 1992, Kresge et al. published a seminal paper using ionic
amphiphilic surfactants to direct the structure of silica in solution into a periodically
ordered mesoporous molecular sieve known as MCM-41 (Figure 2.6).3* This paper can
be considered as an important focal point for the use of soft matter self-assembly to
structure direct inorganic materials.

Templating strategies also involve the use of a self-assembling soft matter
component to impose a designer nanostructure on an inorganic or organic additive, but
via routes which do not involve cooperative assembly as in structure direction.
Templating strategies can be broadly classified into either ‘soft’ or ‘hard’ templating.
Soft templating entails the use of “soft” materials, such as small molecule surfactants or

polymeric species, which natively assemble into an ordered structure; organic or
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inorganic precursors then assemble around these soft templates and are transformed

through various processing means.?!’

The soft template structure is typically
mechanically weak and prone to deformation, but can easily be removed via dissolution
or heat treatment. An example of a soft templating approach can be found in the work
of Thurn-Albrecht et al., where a self-assembled BCP thin film was used to template
cobalt nanowires in a high density hexagonally packed array. After the neat diblock
polymer film was assembled in a hexagonal array, one polymer phase was selectively
etched out with UV light to create a porous polymer template in which cobalt was
electrodeposited.?!8

In contrast, hard templating involves a rigid nanostructure made out of a material
such as silica or carbon which already possesses an ordered mesostructure designed

through earlier processes.?!”

If such nanostructures are porous, the void space can be
backfilled with various precursors which are then transformed into the final material. In
such a way the final inorganic or organic material adopts an inverse nanostructure to the
template. The hard templates can endure harsher conditions such as high temperature
and pressure, or corrosive and reactive environments during the templating and the
following processing steps, which are not tolerated by soft templates under normal
circumstances. However, selective removal of the template is often more difficult and
requires harsh etchants. While one’s intuition might not make the immediate connection
between soft self-assembled materials and hard templates, using self-assembling
materials to structure-direct or soft template inorganic materials leads to a large variety

of nanostructures and materials which can subsequently be used as hard templates. For

example, Ryoo et al. used the small molecule surfactant soft templated silica molecular
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sieve MCM-48 as a hard template for the synthesis of ordered mesoporous carbon: the
silica template was first created, filled with a carbon precursor solution of sucrose and
sulfuric acid, heat treated in inert atmosphere, and then selectively etched away to yield
a mesoporous carbon framework.??

At the smallest length scale, small molecules are known to form a variety of
supramolecular architectures both in solution and the bulk, including spherical micelles,
tubular micelles, lamellar sheets, and co-continuous mesophases.??!223 Liquid crystal
(LC) mesophases appear in many systems of anisotropic organic molecules, termed
mesogens.?>* While lacking the full 3D positional and orientational order typically
defining a crystalline solid, liquid crystals possess limited degrees of orientational and
positional order, which also distinguishes them from an isotropic liquid state. Lyotropic
liquid crystals contain a mixture of an amphiphilic mesogen and solvent, and their phase
behavior is governed by concentration. Thermotropic liquid crystals consist of neat
mesogens, and their phase behavior is largely governed by temperature. The molecular
structure of the mesogen, its size, rigidity, and asymmetry, plays a large role in
determining the collective condensed phase assembly.?!%-216-224 Understanding of the
thermodynamic and structural constraints in this assembly allows for a fairly rigorous
ability to describe mesomorphism via structural phase diagrams.??>?2¢ Characteristic
lengths in small molecule self-assembly can range from nanometer diameter micelles to

227228 or cholesteric chiral field

hundreds of nanometers in liquid crystal blue phases
periodicities.??® Typically, the upper size limit can be substantially increased by the

transition from small molecule to macromolecular building blocks.
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Another class of soft materials that plays a significant role in opportunities for
soft matter enabled quantum materials is the class of BCPs. BCPs consist of two or more
chemically dissimilar, covalently linked polymer blocks. The wealth of existing
techniques in polymer synthesis allow for an exquisite degree of control over many
characteristics in these macromolecular synthons; tailoring of synthetic parameters
leads to tunability in chemical composition, individual block length, and chain
architecture.??? Linear, cyclic, bottlebrush, dendrimer, and miktoarm star copolymers
are all known to self-assemble into various periodically mesoscale ordered structures in
which the morphology and mesoscopic unit cell are tunable over a wide range of length
scales (Figure 2.2).! For example, in bulk linear AB diblock copolymers consisting of
two immiscible blocks A and B,?! mesoscopic morphologies ranging from close packed
spherical micelles to the bicontinuous double gyroid?3? (Figure 2.2) can form depending
on the relative volume fraction of the two blocks and the segregating strength between
them. This phase behavior, sometimes referred to as a hallmark of soft condensed matter
science, is understood to be due to the interplay of enthalpic contributions from
interfacial energy and entropic effects from chain stretching, and can often be estimated
from the molecular characteristics of a given polymer.?** In more complex polymers
such as linear ABC triblock terpolymers consisting of three chemically distinct blocks
A, B, and C, the phase space can be quite rich;?**23¢ additional blocks or other block
architectures make this space even richer.?*’ The ability to systematically design and
produce a vast variety of BCP morphologies by synthetic control combined with the
ability to tune the mesoscopic unit cell size via polymer chain length yields a powerful

toolbox for the control of materials structure on the mesoscale.
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Like small molecule surfactants, BCPs offer pathways to mesostructured
organic and inorganic materials through structure direction and templating strategies.?!
While low molar mass nonionic BCP surfactants have shown to structure direct silica
in solution,” the thermodynamics of bulk BCP self-assembly has been used to structure
direct inorganic materials in the condensed phase at larger length scales from higher
molar mass copolymers, originally in the form of sol-gel derived (alumino-)silicate

3572 While phase behavior typically becomes more complex with

nanoparticles.
inorganic precursors involved, when the correct design rules are being followed the
sequence of morphologies observed in the bulk adding more and more inorganic
material can be very similar to that of the parent BCP.2!%23%23° This provides facile
access to hybrid and mesoporous materials via evaporation induced self-assembly
(EISA) of bulk block copolymer mesophases, thereby coupling inorganic materials
structure formation with block copolymer bulk phase thermodynamics.?*%?*! In addition
to acting as structure-directing agents, BCPs have been used as bulk soft templates to
fabricate nanomaterials, as described earlier in the work of Thurn-Albrecht ef al. among
other examples.?!7-218.242 BCP self-assembly-derived ceramic molds have been used as
hard templates to fabricate gyroidal networks of superconducting indium.!?
Furthermore, hard templates derived from BCPs have played a part in non-equilibrium
transient processes; single crystal homo- and hetero-epitaxial semiconductor and metal
nanostructures, respectively, have been prepared using transient laser heating on the

nanosecond time scale of materials that conformally backfill mesoporous BCP-directed

templates.?*?
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A strength of the chemical diversity of BCPs is that careful selection of blocks
can allow for the combination of strategies to overcome obstacles. In 2008, Lee ef al.
used the combined assembly of soft and hard (CASH) chemistries method in order to
successfully generate highly crystalline mesostructured metal oxides directed by bulk
block copolymer self-assembly. Previously, mesostructured metal oxide crystals would
outgrow the mesopores and collapse the structure during heat treatments to improve the
degree of crystallinity. CASH chemistries involved the structure direction of metal
oxides with a poly(isoprene)-containing BCP. The self-assembled hybrid material was
first heat treated in argon, partially converting the sp? hybridized carbon containing
poly(isoprene) into a hard carbon template that confined the metal oxide crystal growth
and prevented mesostructure collapse; the resulting materials were then subsequently
calcined in air, burning away the carbon and leaving behind the highly crystalline
mesostructured metal oxides.’® This example illustrates the versatility of soft-matter
enabled structure formation, here combining structure direction and hard templating in

a so-called “one-pot” process, to make high-quality inorganic materials.

Colloidal Assemblies

Similar to the considerations describing macromolecules, colloidal self-
assembly is rooted in intermolecular and microscopic forces, but scaled to particles
comprised of many discrete atoms or macromolecules.?** The combined effect of steric,
dispersive, or coulombic interactions of many constituent species creates attractive and
repulsive inter-particle forces. When these forces are properly balanced, colloidal

particles self-assemble into close packed structures. In the simplest case, spherical
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nanoparticles will often organize into hexagonally closed packed (hcp) structures much
like artificial atoms.?*> More complex colloidal crystals can be obtained by co-
assembling particles of different size or surface charge.?*¢?*7 While typically the
interactions involved in such assembly are non-specific, the introduction of
complementary binding, e.g., via particle tethered DNA hybridization, can introduce a

further level of rational design.?*%-2

Beyond simple spherical particles, exotic
structures can be created through the use of more complex colloidal building blocks and
shapes: tetrahedra, ellipsoids, platelets, and so forth.?3!72¢ In all colloidal systems, the
periodicity of close packed structures is dictated primarily by the size of the basic
particle synthon(s). Synthetic advances have allowed for the creation of narrowly size-
dispersed colloidal particles ranging from a few nanometers in size to multiple microns.
Colloidal crystals thus cover a very broad range of length scales (Figure 2.2).

In the 1990s, colloids began to be used in templating methods to produce
nanostructured inorganic materials from filling the interstitial space in emulsions or self-
assembled polymer spheres (Figure 2.6).2%7 Colloidal techniques were further refined

by the innovation of colloidal epitaxy.?>®

Colloids also saw a variety of creative
approaches to new products in the 2000s. Colloidal crystals of a variety of exotic
structures were produced by methods such as lost-wax approaches, using charged
particles, or using binary particles of different shapes or sizes.?*7-2>%2%0 “Patchy”
particles were also employed to self-assemble a colloidal kagome lattice from
intermolecular forces in 2011 by Chen et al..?’! Recently, a similar strategy using

deformed tetrahedral particles with tailored DNA patches accomplished the long sought

after goal of a diamond structured colloidal crystal.?6? The progression in the field of
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colloid science once again highlights the potential of soft matter enabled quantum
materials, e.g., via the templating of inorganic materials into deliberate, well-controlled,

and increasingly sophisticated periodically ordered nano- and meso-structures.

Soft Interfaces and Coordination Polymers

Self-assembled monolayers (SAMs) were first generated from alkane-thiols
self-assembled into crystalline monolayer structures on gold.?®* Sometimes referred to
as the “poor man’s version of single crystal surfaces”, they provide a large and versatile
toolbox for the tuning and patterning of interfaces. For example, SAM surfaces can be
chemically modified in myriad ways by controlling the chemistry of the alkane-thiol
headgroup.?®* In 1999, Aizenberg et al. employed this ability to control the nucleation
of calcite crystals (Figure 2.6).2 This control was subsequently extended by fabricating
patterned SAMs used to generate large micropatterned single crystals of calcite,?¢
thereby generating a large runway for the controlled formation of quantum materials at
SAM directed organic-inorganic interfaces.

As described in the previous section, MOFs and covalent organic frameworks
(COFs) also have a place in identifying routes from soft matter to quantum materials.
MOFs are a type of soft matter that falls under the category of coordination polymers.2¢’
Generally, MOFs consist of one or more metal ions at the center, which coordinate to
several polytopic organic linkers; this make up leads to a variety of geometries,
depending on the metal centers and ligands used, as well as a variety of pore sizes of

the final structure.?® MOFs have been heavily studied for applications such as catalysis

and gas storage since their inception due to their favorable properties such as high
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porosity, high crystallinity, and large chemical variety.?6”2® MOFs have such a variety
of tailor-made properties because they exist as an exotic single-phase mixture of

inorganic and organic matter,?67-268

In addition to the make-up of MOFs giving them a
large spectrum of utensils from the toolbox of the period table, the variability in metal
center and organic linker also leads to a vast array of possibilities for exotic structural
topologies.?” MOFs and COFs have well-controlled pores and crystallinity, as well as
the ability to take on complex structural topologies in 2-D and 3-D.?7-2%° The organic-
inorganic hybrid characteristic of MOFs gives them exotic properties that make them
more functional than many other classes of periodically organized soft matter. For
example, as described in the previous section (Figure 2.5), MOFs in the

dimethylammonium manganese formate (DMMnF) family mimic perovskite-like

structures and show multiferroic properties through phase transitions.!*®

Rational design via biomolecules

Another significant class of soft matter is associated with biological materials.
Rational structural design employing DNA is a field of soft matter that began in 1982
thanks to the work of Seeman et al., which suggested that DNA could be used to make
stable junction structures, and that those individual structures could be brought together
through DNA base pairing to generate arbitrary nanoarchitectures.?’ DNA base pairs
were subsequently used as tools for the assembly of nanoscale structures and materials,
rather than just viewed as the basis for the genetic code, paving the way for the eventual
rise of the field of DNA origami.?”! The use of these DNA base pairings to enable and

control the assembly of matter at the nanoscale has since expanded from simple DNA-

50



DNA interactions (Figure 2.6). In 1996, Mirkin et al. published seminal work on DNA
oligomers being used to direct nanoparticles into colloidal crystals.?*° Biological soft
materials based on DNA took another quantum step via the extremely impactful paper
by Rothemund et al. in 2006, directly combining the powerful structure-directing
capabilities of DNA origami with the use of computer algorithms for their structural
design.?’? This paved the way to “hands-off” materials formation all the way from
computer algorithm-based design to robotic synthesis and purification. Progressing
further into the 2000s, the ability of DNA-assisted self-assembly to make increasingly
crystalline and complex colloidal crystals has been investigated.?’*>-*’* The progress in
DNA self-assembly led to the advent of computer-aided design in self-assembly.?’> This
powerful tool has made it possible to use CAD software to explore self-assembly
building bricks from DNA, opening up a world of possibilities in terms of structure
control and its automated synthesis (as opposed to more conventional synthesis often
guided by trial and error).

The past few decades has seen the field of soft matter develop such that a variety
of organic and inorganic chemistries can be tuned across the nano- and mesoscopic
scales in a multitude of geometries and periodic lattices. Progression in soft matter
techniques have given rise to increasingly well-controlled and well-ordered materials,
slowly beginning to move in the direction of the quality achieved in electronic materials.
Crucially, high quality samples enable sophisticated measurements, e.g., of electronic
and magnetic behavior necessary for identification, characterization and understanding
of novel quantum phenomena. While there are many opportunities afforded by

considering soft matter routes to quantum materials, there are therefore also challenges
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which will need to be addressed. The foremost challenge is to achieve, in soft matter
systems, the same level of structural control available in traditional solid state or
atomistic synthetic methods. Defects, grain boundaries, and disorder all can greatly
impact measurements and obscure intrinsic properties. For example, grain boundaries
have been shown to limit supercurrents in high-temperature superconductors.?’® The
challenge posed is significant, but much work has already begun tackling the
characterization and elimination of mesoscale defects. Coming back to the example of
the fascinating cubic co-continuous gyroidal network structures, in 2019 Feng et al.
utilized “slice and view” SEM to quantitatively characterize topological defects in the
gyroidal morphology of block copolymers.?’” In the same year, Susca et al. produced
the first macroscopic single crystals of gyroidal block copolymers with grains on the
scale of millimeters.?’”® Should the challenge of long-range periodic mesoscale order, as
well as associated challenges in orthogonal device fabrication and measurement be met
for a broad range of materials, soft matter is poised to open up a vast realm of new
scientific and technological pursuits. Impactful contributions of soft matter are already

being made, but there is plenty more room in the middle.

Comparing traditional and soft matter enabled quantum materials fabrication
techniques

A unifying concept in all soft matter systems is that assembly and behavior is
governed by interactions of a similar magnitude as room temperature thermal energy.
Individually weak hydrogen bonding, hydrophobic, screened electrostatic, or entropic

forces collectively dictate mesoscopic structure and macroscopic properties. As a result,
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intermolecular or interparticle interactions are easily disrupted by low energy
perturbations, but can just as easily recover. This leads to a substantial pathway
complexity from synthons to the final self-assembled structure, with many possible
metastable intermediate order states that may get trapped on the way to the lowest
energy structure. At the same time, as energy minima are shallow, intrinsic structural
variability can be substantial, and orientation distribution functions used to characterize
molecular order in soft matter may be rather broad. Moreover, ordered states can be
strongly influenced, e.g., by external mechanical, electrical, or magnetic fields, making
the final structure exquisitely sensitive to material processing history, e.g., in injection
molding or 3D printing. Most importantly, soft materials like polymers, colloids, and
liquid crystals all are solution processible and therefore typically enable large scale
fabrication methods including, e.g., roll-to-roll (R2R) processing and 3D printing from
solution-based precursors. In turn, this flexibility in material processing leads to a
wealth of possible form factors unavailable to traditional quantum materials synthesis.
This can readily be inferred from a comparison of some typical form factors derived

from both traditional ‘hard’ and “soft” materials synthesis methods (Figure 2.7).
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Solid State Chemistry
MBE/PLD, Epitaxial Growth

Figure 2.7: Comparison of typically available form factors in traditional solid-state synthesis
(top, red box) and soft matter based materials synthesis (bottom, blue box) methods. Top row
from left to right: 2D single layer atomic crystallites of NbSe2, graphite, BSCCO, and MoS,
adapted from®”, superlattice of single LaTiO; layers separated by SrTiO; of controlled
thickness via PLD adapted from*®, and Czochralski (CZ) grown single crystal silicon ingot
(image retrieved from Wikimedia Commons). Middle row from left to right: depiction of a self-
assembled monolayer (SAM) on a gold surface, adapted from®™, Cr and Si dot/pillar thin film
arrays made via lithography relying on the directed self-assembly of a diblock copolymer,

21 triblock terpolymer derived gyroidal structured SiON ceramic consisting of a

adapted from
single macroscopic domain with coherent ordering from one side to the other, adapted from®”*.
Bottom row firom left to right: NaCl type binary colloidal superlattice, adapted from®"

hierarchically porous polymer scaffold derived from the combination of spinodal decomposition

and macromolecular assembly in a block copolymer containing system, adapted from™?, 3D
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printing of a dodecahedron via Continuous Liquid Interface Printing (CLIP), retrieved from

Carbon3D**.

2D Materials

Starting with graphene,”®* the family of 2-D materials has grown rapidly to
include a wide array of materials such as transition metal dichalcogenides (TMDs),
hexagonal boron-nitride, and layered oxides.?”*2%>-28 These single layers can also be
stacked together to form diverse and intimately controllable heterostructures with
interlayer van der Waals bonding.?%” 2-D materials and van der Waals solids have shown
a plethora of exciting and exotic quantum materials properties such as 2D
superconductivity, proximity derived effects, and novel states in Moiré patterned
multilayers.?$%2% Mechanical exfoliation provides a relatively facile and cost-effective
means for obtaining many 2-D materials, but lacks capability for high throughput. While
much progress has been made on solution based methods, 2-D and van der Waals
materials often rely on chemical vapor deposition under ultra-high vacuum or versatile
yet difficult layer-by-layer directed mechanical assembly.??%-2°!

In soft matter, an equivalent to 2-D materials in hard condensed matter physics
lies in 2-D polymers. 2-D polymers are a scaled-up analogue of atomic 2D materials
such as graphene and transition metal dichalcogenides. While solid state chemical
reaction from evaporated constituents is reported, 2-D covalent-organic frameworks or
metal-organic frameworks have been successfully synthesized via low-cost, high-

throughput solution reactions.?®?> The soft matter constituent, small organic molecules

in this case, is amenable to modification of chemical composition, linker size, and
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coordination geometry, all of which are severely restricted for atomic 2-D materials. By
perfecting the 2-D structures, 2-D polymers are a tunable form of soft matter awaiting
interrogation of their quantum behavior and properties.

Also on the 2-D level, self-assembled monolayers (SAMs) organize on
substrates into a highly crystalline form in a self-limiting way.?** Such single molecular
layers can tune the surface energy, useful for controlling crystal nucleation.?é®> In a
similar fashion, polymer brushes are another type of surface-tethering soft matter,
though they usually functionalize the substrate with an amorphous layer. In addition to
changing molecular identity as in SAMs, polymer brushes can be designed with
different chain composition to match the target surface energy, e.g., to prepare a neutral
surface to avoid preferential wetting.?** Surface-functionalizing soft matter thus offers
opportunities for both the study of quantum phenomena in confined dimensions and the

fabrication of novel quantum materials.

Thin films

Above two-dimensional materials is the very well-developed and well-studied
form factor of thin film materials. Through the refinement of methods such as atomic
layer deposition (ALD), MBE, and PLD, experimentalists have obtained precise control
over parameters such as composition*”® and strain®”¢ in crystalline thin films.?°” This has
contributed greatly to the study of 2-D electron gases,?’® magnetic heterostructures,?®’
and many other hybrid materials and emergent phenomena at interfaces.?%3% The

variety of techniques available for growing epitaxial heterostructures provides useful
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breadth in synthetic capabilities, but all suffer from limitations imposed by the stringent
synthesis conditions required.

From a soft matter perspective, thin films are rich both in available
mesostructures and materials composition. It is worth noting that the thickness of thin
films prepared from soft matter can range from the nanometer up to the micrometer
scale i.e., significantly thicker than the typical thin films in the physics or electronic
device community. To fabricate thin films, using polymers as an example,
homogeneous solutions of polymers in appropriate solvents are first prepared before
casting onto a substrate. This requires the solvents to be able to dissolve the polymer
and to have favorable wettability on the substrate. Dip coating involves immersing the
substrate into the solution before gradually pulling out.*°! The more commonly
practiced way is spin-coating, where solutions are spun off the substrate at a defined
rotational speed, and a smooth thin film is derived after rapid solvent evaporation of the
small amount of polymer solution that adheres to the substrate. Film thickness can be
precisely controlled through varying the rotational speed and solution concentration (as
well as secondary parameters such as acceleration).

Since the thin film is supported on a substrate, the energetics between the
substrate surface and the thin-film materials can dictate their structures.?* It is possible
to engineer the surface energy to preferentially align the thin-film substructure, thereby
growing mesoscale periodic structures epitaxially from the substrate.?8!** Another
route to prepare epitaxial thin films capitalizes on the guiding of topographical elements
to direct the structures, termed graphoepitaxy.’*#3% On top of such 2-D patterns,

multilayers of mesostructures with well-defined orientations can be prepared,’¢-3%
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allowing for use in nanofabrication and investigation of emergent properties related to
quantum behavior.

The rapid evaporation of solvents during spin-coating often does not leave
enough time for the thin-film structure to fully order. Post-spin-coating treatments can
be employed to improve the periodic ordering through annealing, a concept borrowed
from conventional hard inorganic materials processing. Apart from thermal annealing,
the solution-processable soft matter can be subjected to solvent vapor annealing,’®
which dramatically mobilizes the constituent species and shortens the annealing time to
achieve high order. As is commonly applied in inorganic materials processing, post-
deposition annealing is one more knob to turn for structural manipulation without
changing the materials composition. By changing the solvent ratio, flow rate, annealing
time, among other parameters, different morphologies can be obtained, e.g., form a
single block copolymer®!? or other self-assembly enabling synthons and intrinsically 3-

D mesostructures can be fabricated without resorting to tedious multilayer deposition.?!!

Bulk single crystals

Beyond the thin film regime, advances in the synthesis of bulk single crystals
have played an invaluable and enabling role for the discovery, study and understanding
of quantum materials. Whether guided by theoretical predictions or breaking new
ground, the creativity and ability of crystal growers has led to many of the seminal
discoveries in quantum materials.!” Evaluation of the properties in any crystalline
system is directly dependent on forging routes towards highly perfect bulk materials;

defects, grain boundaries, and disorder in general obscure transport behavior and are
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often considered obstacles to be surmounted via synthetic optimization. In this pursuit,
experimentalists can exercise an exquisite degree of control over atomic ordering via
the wealth of techniques pioneered by semiconductor manufacturing: Czochralski (CZ)
growth, float-zone methods, or Bridgman techniques among others.?!? This enables
rational design of new quantum materials though such means as careful tuning of
stoichiometry, precise doping, or introduction of lattice strain, e.g., via appropriate
substrate choice.

Because of the inherently large defect density often present, obtaining bulk
mesoscale single crystals through soft matter self-assembly is often a challenge. In
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anisotropic systems such as colloidal nanorods’’> or lamellar and hexagonal block-

314315 external fields such as shear have been used to great

copolymer morphologies,
effect to produce macroscale alignment of mesoscopic domains. Much progress has also
been made with isotropic particles in cubic colloidal crystals, where single crystals of
multiple millimeters in size are now regularly reported.?*>-316-318 Achieving the same
level of long-range order has remained more elusive in networked block copolymer
morphologies, but recent work has achieved gyroidal single crystals up to a centimeter
in size. The preparation of single-domain periodic mesostructures on a macroscopic
scale is tantamount to atomic single crystals (e.g., using float zone or Czochralski
method), and such samples are expected to enable sophisticated property measurements

in a similar way.?’831?
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Additional Form Factors

Whether in the 2-D, thin film, or bulk regime, from the foregoing discussion it
is apparent that soft matter methods have to progress towards the same level of order
and structure control as already available in traditional solid-state techniques. While
there is still much work to be done towards this end, soft matter enabled synthetic
methods offer further benefits. Solution processing is not limited to thin film or
monolithic bulk single crystals in the same way that traditional methods are, and thus
soft matter enables a wealth of possible form factors. Colloidal superlattices for instance
offer the opportunity to control symmetry/structure and composition across multiple

246247 1 jkewise, hierarchical materials can be made

length scales simultaneously.
through such means as block copolymer self-assembly in tandem with spinodal
decomposition?®? or phase inversion.*?° Furthermore, through additive manufacturing /
3-D printing methods such as continuous liquid interface printing (CLIP)*?! and high
area rapid pringing (HARP)*?? (Figure 2.7), polymeric resins and polymer composites
can be defined in arbitrary macroscopic shapes. Exploration has already begun on this
front, with Li ef al. demonstrating printable superconductor composites by dispersing
exfoliated monolayers of the 2D superconductor NbSe; in organic solvents and

commercial 3D-printing resins.*?

This expansion in accessible form factors for
quantum materials synthesis is but one of the contributions, which soft matter science

could make to the field. In the next section, we explore a few more of these possibilities

as examples of the promise of soft matter enabled quantum materials.
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Future Perspectives

While previous sections have shown that there is a growing body of work
bridging soft and hard condensed matter physics, there remains much to be explored in
the use of soft matter for the synthesis and study of quantum materials. In this next
section we will explore a few paradigms for future work at this interface, organized
under the following general thrusts: expanding structural control, mesoscale lattice
engineering, tuning disorder and composition, considering increased interfaces,
convergence in the thin film regime, and harnessing extreme conditions. A few vignettes
will be used in each case as a way to showcase the opportunities for soft matter enabled
quantum materials, but the general concepts underpinning each thrust can and should

be extended beyond any single soft matter system or quantum materials class.

Expanding structural control

As described, access to novel and often unique molecular and nano- to
mesoscale architectures is one of the most salient strengths of soft matter enabled
quantum materials; one of the biggest challenges facing their widespread impact is the
inherent difficulty in creating well-ordered single-crystal type materials with low defect
densities. To fully realize the potential of soft matter in quantum materials synthesis,
structural control must be expanded and refined across the atomic, nanoscopic and
mesoscopic levels. The myriad of possible structures available through soft matter self-
assembly is exemplified by the diversity in colloidal assembly. Thus far only simple
close packed assemblies of colloidal spheres have been translated into quantum

materials. Synthetic advances in controlling shape and functionality of nanoparticles
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have led to a wide diversity in colloidal crystals, however, with many different packing
geometries and lattice symmetries.?7-233262324 Tranglation of these architectures into
quantum materials, e.g., via soft or hard templating would yield a vast array of novel
materials to explore.

Future work should also address the challenge of achieving high degrees of
ordering over macroscopic distances. Much work has been performed in order to align
and perfect soft self-assembled structures, in thin film or bulk regimes as well as across
different soft matter materials classes.?’8303323326 At the same time, many studies have
explored structure control via confined crystallization.??’32° At the convergence of
these two efforts is a long sought-after goal in the field of soft templating i.e., the
simultaneous control over soft and hard materials ordering. As an example, it has been
shown that single crystalline nanowires of various quantum materials can be grown via
nanoporous templates.’* As we described earlier, recent work has made available
mesoporous gyroidal ceramic templates consisting of single, macroscopically coherent
gyroid domains.?’”® The combination of these techniques could yield a gyroidally
structured superconductor, topological insulator, or artificial spin ice in which an atomic
single crystalline material possesses a single orientation conserved throughout the bulk
of a single crystal mesoscale structure. Accomplishment of such a hard single crystal in
tandem with a soft single crystal i.e., a “single crystal in a single crystal”, would unlock
the full investigation of emergent transport properties, angle dependent behavior, or
other unique effects of mesoscale ordering on quantum materials, but in general remains

rather challenging to obtain.
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Mesoscale lattice engineering

Figure 2.8: Schematic pathway from soft matter (using blocked polymer architectures as an
example) to quantum materials. Block copolymers with tailor-made chain architectures and
compositions (left, green background) can direct the mesostructure formation of additives that
may be precursors of inorganic quantum materials (left, blue spheres) through solution-
compatible processing steps, including evaporation induced self-assembly (EISA) and solvent
vapor annealing (SVA). Via a host of possible physical and chemical transformations, the
resulting mesoscale lattices (middle, blue background. Adapted from>'>**) can be transformed
into structures that confer mesoscale ordering on top of local crystalline atomic lattices of
traditional quantum materials (right, using a gyroidal minority network in blue and a perovskite
atomic lattice in the green inset as examples). Due to the soft nature of polymers, as well as

their periodic lattice parameter dependence on the number of monomers along the chain,
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polymer-based mesoscale lattices are amenable to substantial variations of their lattice
constants as well as deformations leading to symmetry breaking (upper right), both largely

unavailable in atomic lattice engineering.

Soft matter, after all, is pliable and deformable, a characteristic that earned it its
name. Soft matter also enables large scale roll-to-roll manufacturing. In stark contrast
with atomically crystalline hard materials, which typically render lattice engineering
across substantial length scales challenging as a result of well-defined bond lengths and
bond angles, soft matter offers substantive flexibility for lattice engineering of
mesostructures. Therefore, we can identify a pathway where a palette of soft-matter
templating materials can be adopted to direct the mesostructure formation of additives,
which upon various chemical and physical transformation processes result in the desired
relevant quantum materials (Figure 2.8). An exceptional feature here is that, through
careful choice of materials and processing parameters, the mesostructure can undergo
enormous deformations (e.g., as large as 75 % changes in lattice constants) and

symmetry breaking®3

unimaginable in hard matter, while still achieving highly
crystalline atomic lattices at the local scale enabling desired electronic, magnetic,
optical, and phononic properties. Engineered soft matter structures or templates are also
often transferrable to other arbitrary surfaces®'!*% providing more materials design

choices, e.g., via backfilling and integration into devices, all thanks to their deformable

nature.
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Tuning disorder and composition

The myriad of achievable molecular and nano- to mesoscale structures and form
factors offered by soft matter brings the notion of controlled disorder into the study of
quantum materials. Long considered undesirable compared to crystalline order,
structural disorder is often an intrinsic signature of materials derived from soft matter,
from amorphous and semicrystalline polymers to nematic/smectic phases of liquid
crystals. However, there has been growing evidence of the significance of disorder in
the study of quantum materials.> Controlled disorder has manifested itself as an
indispensable ingredient in unleashing intriguing quantum phenomena in Anderson
topological insulators.’*® Dubbed amorphous quantum nanomaterials, glassy dye-
encapsulating nanoparticles hold tremendous promise in photo-dynamic therapy (PDT),
thanks to spin-orbit coupling.®*” In such glassy solids, atomic average distances of heavy
atoms to the delocalized m-electron system of the encapsulated dye can be fine-tuned
via substantial variations in composition, typically not achievable in crystalline solids
without changing the crystal structure/nature, in turn providing new handles on tuning
the strength of spin-orbit coupling.’*® Though the physical origins warrant further
deeper understanding both theoretically and experimentally, these results clearly point
in the direction of embracing the control of disorder as part of our toolbox for the design
and application of soft-matter enabled quantum materials.

Composition is a strong tuning knob for the design of quantum materials
provided by soft matter. What is helpful in achieving compositional variability is that
details of molecular structure, such as the organic ligands in metal-organic frameworks,

the block chemistry of block copolymers or the details of surfactant molecular structure,
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can often be neglected in understanding the observed mesoscale structure formation.
Earlier examples, albeit from simulation work, demonstrated the possibility of
designing various organic ligands that link metal centers to engineer the spin-orbit
coupling effect for the creation of topological insulators.****! Given a metal center’s
coordination chemistry and geometry, there is a wealth of molecular structures, and
consequently compositions, that can be ingeniously fine-tuned by organic/materials
chemists to achieve practical real-life examples of topological materials. Such
compositional variability does not come at the expense of structural integrity, since the
self-assembly is a highly modular process where the interactions between soft matter
building blocks are more forgiving than the exact bonding between atoms in typical

inorganic quantum materials.

Considering increased interfaces

Nobel laureate Herbert Kroemer famously said “the interface is the device,” in
reference to devices realized with thin film semiconductors.’? Twenty years after he
received his Nobel Prize in Physics, this statement still rings true. The importance of
interfaces is a common thread in both mesoscale science and quantum materials.?* In
quantum materials, interfaces are often a key component in emergent quantum
properties, whether they be used to realize a quantum behavior or have a direct effect
on an already-emergent property.?!!343 Using self-assembly directed molecular and
nano to meso-scale structures and, in particular, micro- to mesoporous materials, means
working with extremely high surface area materials. In the case of the BCP directed

gyroidal superconductors mentioned earlier, this high-surface area mesoporous material
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already is a quantum material. The substantial pore volume in 3-D of such gyroidal
superconductors can subsequently be backfilled with a host of other materials, e.g., in
the form of insulators, semiconductors, metals, or another superconductor. This
provides a route to 3-D interpenetrating composite materials with large interfaces, and
with exotic interface geometries, well beyond the common planar interfaces observed,
e.g., in MBE or PLD derived materials. Considering the large field of self-assembly

directed porous solids,?!%-344:343 this

is a vast and to date largely unexplored playground
for the study of emergent quantum materials properties.

As another example, it is known that SrTiO3 and LaAlO3, two insulators, exhibit
superconductivity at their interface.?®® It has also been shown that a SrTiOj3 substrate
with a FeSe film, already a superconductor with T of 9.4 K in the bulk, shows an

343 These unintuitive

extremely elevated T. of above 100 K at monolayer thickness.
results of superconductivity at insulator interfaces, or drastically increased T. over the
bulk of a thin film at monolayer thickness, have led to interfacial superconductivity to
be considered as a new frontier for the field.>*® Now regarding soft matter, it has been
demonstrated that metal oxides can be structure directed into high surface area,
mesoporous materials with varying 2-D and 3-D geometries.*®** Combining these two
concepts could give rise to superconductors with large area superconducting interfaces
and with potentially more interesting geometries and properties than the traditionally
planar interfacial superconductors. However, as previously mentioned, such a step

forward would perhaps require a more precise level of control in structure direction than

is typically achieved today.
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Convergence in the Thin Film Regime

Figure 2.9: Comparison of conventional lithographically patterned structures (top) with those
obtained via soft matter self-assembly (bottom). (a) Demonstration of 24 nm pitch lines via
single exposure EUV lithography, image retrieved from **’. (b) 50 nm pitch pillars fabricated
via EUV lithography, image retrieved from *** .(c) 20 nm pitch lines fabricated via directed self-

349

assembly of a silicon containing block-copolymer, adapted from °*. (d) 50 nm pitch pores

fabricated in silicon via self assembly and selective etching of a block-copolymer, adapted from
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Perhaps the most natural area for overlap between the soft matter and quantum
materials communities, and the area in which there is the richest potential for initial
collaboration, the thin film regime is intimately familiar to those in both disciplines.

Moreover, in both communities there have been decades worth of inquiry and
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development of thin film fabrication and processing techniques. In traditional quantum
materials synthesis, many epitaxial growth and deposition methods exist which have

been highly refined for the creation of thin film materials®!”

. As shown by the examples
in figure 2.9, directed self-assembly (DSA) of soft matter has often been demonstrated
as a promising alternative method for bottom-up synthesis of nanoscopic features in thin
films 2813253512333 Cutting across both disciplines, providing routes to devices and
motivation for research, are all the techniques associated with microlithography,
nanofabrication, and semiconductor manufacturing.’>*

The application of soft matter for the synthesis of quantum materials in the thin

film regime has already begun paying dividends, shown in earlier sections on

113,114 355,356 191,194

superconductors, topological ~ materials, multiferroics, or
spintronics.’”-202-204213 However, future work in this area may seek to take full
advantage of the established techniques and capabilities present in soft matter thin film
formation for the creation of new quantum metamaterials or devices. To begin, soft
matter is already ubiquitous in nanofabrication in the form of photoresists, lift off layers,
packaging materials, and many other forms. This ubiquity is born of utility; spin coating,
direct patterning, thermal or solvent annealing, and etching all allow for an extremely
high degree of control over thickness, areal coverage, material composition, and final
film properties through relatively facile processing means. Through means such as co-
assembly and soft or hard templating, this processing ease may be transferred into the
area of quantum materials which do not natively possess such desirable characteristics.

This will enable more accessible and scalable routes toward quantum materials, a crucial

step towards further research and widespread adoption. Further, the use of soft-matter
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self-assembly to define thin film quantum materials structure likely will enable the
observation of emergent metamaterials behavior. For example, interesting interfaces
between superconducting oxides or topological insulators could be defined in three
dimensions in interpenetrating networks, and fabricated into planar devices to make use
of the plethora of available synthesis and measurement techniques. Multiferroic
domains of crystalline materials could be defined on length scales from the atomic to
the mesoscopic for the engineering of spin and charge properties, and then easily
integrated into sensing platforms. Nanofabrication is an area in which both quantum
materials and soft matter investigators have a large presence, and that is backed by a
long history of device integration resulting in tremendous scientific and technological
promise. In the area of thin films, a bridge from soft matter to quantum materials has

already been created, and invites heavier traffic.

Harnessing extreme conditions

Extreme conditions are common in quantum materials synthesis, from high
temperatures in laser annealing®® to ultrahigh pressures.®*>! Such methods may at first
glance seem to preclude the use of soft materials. As it turns out, however, through
careful choice of processing parameters the instability of soft matter under these
conditions can often be overcome. For instance, by setting the time scale of transient
laser annealing processes below that of the chemical reactions governing soft materials

37,357,358 Even

decomposition, one can ‘outrun’ their oxidative degradation kinetics.
though at first sight this sounds impossible, using transient laser annealing this concept

has already enabled thin film porous polymeric templates to structure direct liquid
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silicon, with a melting temperature well above 1000 °C, into 3D porous silicon
nanostructures.** Moreover, extreme processing conditions have uncovered previously
unknown materials phases or may stabilize previously inaccessible metastable
phases.?* These early and encouraging experimental results open up a whole new range
of non-equilibrium and extreme processing conditions that may become available to
generate soft matter enabled quantum materials. This research direction also poses a
number of interesting questions. For example, what is the ultimate tolerance of soft
matter under these harsh conditions and how can that tolerance be extended? How can
we identify additional extreme conditions appropriate for streamlining materials
discovery and application? Given more questions asked than answered, this new

paradigm encourages creative thinking out of the box.

Conclusions

While the fields of soft matter and quantum materials in the minds of many have
so far remained largely separate, we have presented here a review of work which begins
to bridge this divide. This body of research is growing at an accelerating pace, and hints
at the great potential of the emerging field of soft matter enabled quantum materials. By
describing the landscapes of both of these original fields, and areas where they start to
overlap, we have elucidated some of the potential for scientific discovery and
innovation. But clearly much remains untapped. The field of soft matter and its self-
assembly is already highly developed, and advances in our understanding of associated
phenomena have already paid enormous dividends, from paint dispersions to cosmetic

products, to functional devices, such as organic light emitting diodes and lithium-ion
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polymer batteries, ¢3! to increased stability of novel vaccines via self-assembly
processes.>2363 Advances in the field of quantum materials science could revolutionize,
e.g., the information science sector, changing how we communicate and compute,’?
how we move people and goods from point A to B, or how we interpret imaging data in
health care. If the acquired knowledge in the field of soft matter is fully brought to bear
on the preparation and study of novel quantum materials, the resulting expansion of
scope beyond the more traditional pathways to this exciting materials class would open
up an enormous space for exploration and innovation.

As previously stated, the importance of interfaces is common to both soft matter
and quantum materials. Interfaces modulate the thermodynamics of self-assembly, the
appearance of topological insulators, and the transition temperature of superconductors.
The convergence of the two fields of ‘soft’ and ‘hard’ condensed matter science
provides tremendous opportunities and substantial challenges. With much work to be
done in order to address such challenges and realize the full potential of soft matter in
quantum materials design, synthesis, science and engineering, we hope that this review
will inspire researchers to take interest in working ‘across the aisle.” It is only by
reaching through this interface that we may fully realize the promise of soft matter

enabled quantum materials.
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CHAPTER 3

PATTERNABLE MESOPOROUS THIN FILM QUANTUM MATERIALS VIA

BLOCK COPOLYMER SELF-ASSEMBLY: AND EMERGENT TECHNOLOGY?*

Abstract

Recent developments in quantum materials hold promise for revolutionizing energy and
information technologies. The use of soft matter self-assembly, e.g., by employing
block copolymers (BCPs) as structure directing or templating agents, offers facile
pathways towards quantum metamaterials with highly tunable mesostructures via
scalable solution processing. Here, we report the preparation of patternable mesoporous
niobium carbonitride-type thin film superconductors through spin-coating of a hybrid
solution containing an amphiphilic BCP swollen by niobia sol precursors and
subsequent thermal processing in combination with photolithography. Spin-coated as-
made BCP-niobia hybrid thin films on silicon substrates after optional
photolithographic definition are heated in air to produce a porous oxide, and
subsequently converted in a multistep process to carbonitrides via treatment up to high

temperatures in reactive gases including ammonia.

Fei Yu", R. Paxton Thedford", Konrad R. Hedderick, Guillaume Freychet, Mikhail Zhernenkov, Lara
A. Estroff, Katja C. Nowack, Sol M. Gruner, and Ulrich B. Wiesner. ACS Appl. Mater. Interfaces 13
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Grazing incidence small-angle X-ray scattering suggests the presence of ordered
mesostructures in as-made BCP-niobia films without further annealing, consistent with
a distorted alternating gyroid morphology that is retained upon thermal treatments.
Wide-angle X-ray scattering confirms the synthesis of phase-pure niobium carbonitride
nanocrystals with rock-salt lattices within the mesoscale networks. Electrical transport
measurements of unpatterned thin films show initial exponential rise in resistivity
characteristic of thermal activation in granular systems down to 12.8 K, at which point
resistivity drops to zero into a superconducting state. Magnetoresistance measurements
determine the superconducting upper critical field to be over 16 T, demonstrating
material quality on par with niobium carbonitrides obtained from traditional solid-state
synthesis methods. We discuss how such cost-effective and scalable solution-based
quantum materials fabrication approaches may be integrated into existing
microelectronics processing, promising the emergence of a technology with tremendous
academic and industrial potential by combining the capabilities of soft matter self-

assembly with quantum materials.

Introduction

Nanomaterials derived from block copolymer (BCP) self-assembly are prized
for their unique structures and properties, such as highly tunable morphology and
periodicity, diverse form factors, large surface area porosity, biocompatibility, etc. They
have found use in wide-ranging applications in areas including photonics,' separation
and purification,>? and energy conversion and storage,*> among others. In particular,

due to their periodic self-organization on the mesoscale, with lattice constants typically
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of order tens of nanometers, use of BCPs as self-assembling lithographic masks or
templates in nanofabrication has been a highly researched area for several decades.®’
BCPs have been shown as capable of defining 2D and 3D periodic structures in relevant
organic and inorganic materials through the process of structure direction using
solution-based approaches like solvent evaporation induced self-assembly.®? Numerous
materials classes including transition metal oxides and nitrides, non-oxide ceramics,
metals, and semiconductors have been architecturally defined on the nanoscale by BCP
self-assembly in this way through methods amenable to traditional semiconductor
manufacturing.!%-1°

Beyond mature silicon-based technologies, there is accelerating progress of
investigations into quantum materials toward novel devices, e.g., for quantum
computing applications.?’ In quantum materials, including superconductors, topological
insulators, quantum spin liquids or spin ices, quantum-mechanical effects
fundamentally alter macroscopic properties.?! BCPs have begun making inroads into
such areas, demonstrating the convergence of soft matter self-assembly science and hard
condensed matter physics, e.g., in the form of mesostructured superconductors
synthesized through structure direction or templating strategies.?>>* These studies have
shown how BCP nano/mesostructure definition can lead to emergent quantum
metamaterials properties via modification of fundamental, quantum-level material
characteristics. For example, when indium metal, a type-I superconductor, was confined
to the minority networks of a BCP self-assembly directed double gyroid, the nanoscale
confinement and periodic mesostructure led to pinning of magnetic vortices on the order

of the double gyroid lattice size, resulting in macroscopic type-II superconductor
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behavior.? Furthermore, when superconducting niobium nitride-type materials were
structure directed by BCPs into four different mesostructures, without substantial
variation of the XRD-measured atomic lattice parameters they displayed a
mesostructure-dependent transition temperature (7¢), i.e., a typical fingerprint of
metamaterial behavior.?* Finally, the use of polymer solution based techniques
represents a departure from the stringent conditions, e.g., employing high-vacuum,
under which quantum materials are typically fabricated.? In contrast, facile and cost-
effective polymer solution-based routes to quantum materials, such as spin-coating,
blading, or 3D printing, promise access to a plethora of form factors not easily
achievable via techniques like molecular beam epitaxy (MBE) or pulsed laser deposition
(PLD).2¢ 1t is the combination of self-assembly based control of nano-/meso-scale
structure and order with solution processing, which defines the scientific as well as
technological interest in the emergent area of BCP-derived quantum materials.

To date, however, the investigation of BCP-based synthetic routes to such
materials has been largely confined to the bulk regime.!” In order to be integrated into
microelectronics processing and demonstrate accessible routes toward real devices, it is
desirable to create thin film analogs of such BCP-derived quantum materials. This study
reports the fabrication of BCP self-assembly directed mesoporous niobium carbonitride
(NbCN)-type superconducting thin film structures on silicon substrates, using a
combination of spin-coating, thermal processing, and lithography. Notably, the
solution-based approach can lead to material properties on par with niobium
carbonitrides obtained from traditional solid-state synthesis methods. We finally discuss

how the demonstrated route to patternable, mesoporous superconducting thin films may
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become a cost-effective, highly scalable approach that could be fully integrated into
existing semiconductor processing technologies toward device fabrication. As such, this
work may help open pathways towards soft matter self-assembly based quantum

material research with exceptional academic and industrial promise.

Results and discussion

Figure 3.1. Schematic of solution-based fabrication processes. (a) Triblock terpolymer ISO and
precursor niobia sol hybrid solution in THF is spin-coated on a silicon substrate. The sol
preferentially mixes with the hydrophilic PEO block: both are depicted in false-coloring as blue.
(b) As-spun ISO-niobia hybrid thin film with microphase segregated domains rendered with
corresponding colors. The matrix domain of PS block is rendered transparent for illustration
only; at this stage the thin film is not porous. (c) Mesoporous niobium oxide thin film after
heating in air at 450 °C. (d) Metallic niobium oxynitride thin film after treatment in ammonia
(NH3) at 700 °C. (e) Superconducting niobium carbonitride-type thin film after final treatment
in carburizing gas (CH4/HyN,) at 1000 °C. (f) — (k) Photolithography route to prepare

patterned thin films that can be further processed along (c) to (e).
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The general solution-based fabrication route toward NbCN-type thin films on
silicon substrates is depicted in Figure 3.1, and is based upon past efforts to synthesize
similar materials in the bulk (see Experimental Section).?>?* The structure-directing
BCP used in the study is an amphiphilic triblock terpolymer poly(isoprene-b-styrene-b-
ethylene oxide) (PI-b6-PS-b-PEO, referred to as ISO hereafter), synthesized by
sequential anionic polymerization according to a method detailed elsewhere.?” The total
number-average molar mass of ISO is 67.7 kg/mol with a polydispersity index of 1.10.
The mass fractions of PI, PS, and PEO blocks were determined by 'H nuclear magnetic
resonance spectroscopy as 26.0 %, 65.3 %, and 8.7 %, respectively, a composition
targeted for achieving the alternating gyroid (G*) morphology.?® The inorganic niobia
sol precursor is prepared in tetrahydrofuran (THF) from the hydrolytic condensation of
niobium (V) ethoxide under acidic conditions. Upon mixing the sol solution with a
solution of ISO in THF and subsequent spin-coating and solvent evaporation induced
self-assembly (Figure 3.1a,b), the niobia sol particles selectively mix with the
hydrophilic PEO block of the ISO to form a nanostructured composite thin film.?

After spin-coating on a silicon substrate, the [ISO-niobia hybrid thin films consist
of two interpenetrating minority networks formed by the PI block (Figure 3.1b,
magenta) and the PEO block swollen with niobia (Figure 3.1b, blue) embedded in a PS
matrix (Figure 3.1b, left transparent). At this stage, as-made composite films are readily
patternable through conventional photolithographic means as schematically depicted in
Figure 3.1f-k. Using wet or dry etching techniques (Figure 3.5 and Experimental

Section) the ISO-niobia thin films can thus be defined into arbitrary areas and shapes,
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which are subsequently transformed into superconducting material through further
thermal processing. Without any further efforts on post-deposition annealing such as
low temperature thermal or solvent vapor annealing (SVA), the hybrid films are treated
in air at elevated temperatures up to 450 °C to further condense the niobia and remove
the structure directing ISO. Fourier-transform infrared spectroscopy (FTIR) results of
as-made and heat-treated samples show the expected disappearance of vibrational bands
characteristic of organic components, while thermogravimetric analysis (TGA)
documents the associated sample weigh loss (Figure 3.S1). The resulting niobium oxide
thin films (Figure 3.1¢) show locally ordered mesoporous structures, as evidenced by
scanning electron microscopy (SEM, Figure 3.2a). X-ray scattering experiments suggest
the morphology of these films is consistent with a deformed G* structure (vide infia;
Supplemental Note 3.1 and Figure 3.S2), in which the niobia in the original hybrid film
is retained as a single inorganic minority network replicating the PEO plus inorganic
domain after the decomposition of polymeric components. To render the thin films
electrically conducting, a subsequent nitridation in ammonia (NH3) is carried out at 700
°C converting the mesoporous oxide into a niobium nitride (NbN, Figure 1d), albeit
with some oxygen (and vacancies) likely remaining as discussed in detail in a previous
study.?* The mesostructure appears largely unchanged through this process, with a slight

coarsening of the nodes in the network (Figure 3.2b).
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Figure 3.2. Scanning electron microscopy (SEM) images of thin films at different processing
stages and length scales. Plan views of (a) the niobium oxide film, (b) the niobium oxynitride
film,; (c) the niobium carbonitride film (inset at low magnification demonstrates uniformity
across macroscopic length scales). (d) 45-degree cross-sectional view of the niobium

carbonitride film displaying the film edge on the cleaved silicon substrate (lower darker part).

Finally, heating the NbN thin films to 1000 °C in a mixture of methane (CHy),
hydrogen (H:), and nitrogen (N:), known as carburizing gas (CH4/H2/N;) yields a
superconducting niobium carbonitride (NbCN)-type material (Figure 3.1e) without
substantial further growth in crystallite size, as demonstrated earlier.>* The overall
mesoporous structure is retained, albeit with additional coalescence of struts discernable
in images of the top surface (Figure 3.2c). With the simple spin-coating technique, a

uniform thin film with arbitrary lateral dimensions can be fabricated without major
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macroscopic defects such as large cracks (see low magnification inset of Figure 3.2¢c
and Figure 3.S3). The thickness of the final niobium carbonitride film is approximately
100 nm (Figure 3.2d); film thickness is expected to be adjustable through varying
concentrations of the starting hybrid solution or spinning speeds during spin-coating.

Pore sizes as estimated from SEM results are of order 20 nm to 30 nm.

Figure 3.3. Grazing incidence small-angle X-ray scattering (GISAXS) and wide-angle X-ray
scattering (GIWAXS) profiles of thin films at different processing stages. The scattering vector
q is defined as 4nsin0/4, where 20 is the scattering angle and 1 is the wavelength of X-rays. The
subscripts r, y, and z denote the q component within the plane, along the in-plane y direction
perpendicular to the X-ray beam, and along the out-of-plane z direction, respectively. (a) 2D
GISAXS pattern of carbonitride film after heat treatment to 1000 °C. (b) Line cuts through the
Yoneda band® of GISAXS patterns for different films as a function of processing step, as

indicated. (c) 2D GIWAXS pattern of carbonitride film after heat treatment to 1000 °C. (d)
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Azimuthal integration of GIWAXS intensities for different films as a function of processing step,
as indicated. Orange and red ticks show expected peak positions and their relative intensities

of NbN from the Powder Diffraction File (PDF) #03-065-0436 and of NbC from PDF #03-065-

8781, respectively.’*?!

To obtain structural information about the thin films beyond a local scale probed
by electron microscopy, X-ray scattering experiments were performed at the National
Synchrotron Light Source II (NSLS-II) Soft Matter Interfaces (SMI) beamline®? in a
grazing incidence geometry. In previous work, an amphiphilic triblock terpolymer with
similar block fractions swollen by niobia sol or other additives was shown to self-
assemble into the G* mesophase,???%3? with {110} planes of the G* parallel to the
substrate in the case of thin films.3* The SEM images in Figure 3.2 display a morphology
in which seemingly parallel struts lie at the surface, with a set of thinner struts crossing
underneath at 90 ° (see Supplemental Note 3.1). Such observations agree with previous
results of G* thin films with the same orientation, but with possible nascent epitaxial
growth into the cylindrical phase.’> As seen in grazing incidence small-angle X-ray
scattering (GISAXS), the primary peak, which would correspond to the (110) plane
given a G* morphology, persists in samples at all stages (Figure 3.3a,b). Detailed
analysis of a GISAXS scattering pattern (Supplemental Note 3.1) taken from an as-made
ISO-niobia sol composite thin film is consistent with a deformed G* structure with
{110} planes parallel to the substrate, which mainly shrinks in the film normal direction
during processing (Figures 3.S2 and 3.S4). This deformation at the unit cell level due to

anisotropic forces has been detailed previously in other self-assembling gyroidal
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systems.!?*6 It is worth reemphasizing that no efforts were made to improve long-range
order of the films via post-spin-coating annealing. The degree of mesostructural order
as reflected by SEM and GISAXS experiments is the result of the very rapid evaporation
of THF during spin-coating and likely represents a structure away from equilibrium.
Another notable feature of the GISAXS profiles in Figure 3b is that peak shifting to
larger in-plane scattering vector g, as a result of in-plane shrinkage upon thermal
processing is much less pronounced as compared to the bulk.?? This is likely leading to
anisotropic stresses caused by pinning of the films to the supporting substrate during
shrinkage. Indeed, a limited amount of network breakage via disconnection of
neighboring struts is seen in SEM images of thin film top surfaces (Figure 3.2 and Figure
3.S5) upon treatment at elevated temperatures, consistent with this picture.
Overcoming a threshold in atomic crystal quality (e.g., eliminating oxygen or
vacancies) is essential for superconductivity in NbCN-type thin films at low
temperatures; this is revealed by grazing incidence wide-angle X-ray scattering
(GIWAXS, Figure 3.3c,d) results. Scattering peaks in the form of multiple concentric
rings appear in the 2D pattern, suggesting small, randomly oriented atomic crystalline
domains (Figure 3.3c). This powder-like pattern is expected for nanocrystals forming in
a cubic (i.e., isotropic) mesostructured gyroid network as nucleation takes place
homogeneously throughout the structure and no preference exists for crystallographic
orientation. Consistent with earlier results,’»** NbN (or oxynitride) crystallizes first
from an amorphous niobium oxide after nitridation at 700 °C in NH;3 (Figure 3.3d).
Compared with peak positions expected for cubic rock-salt NbN (lattice parameter 4.39

A), the phase-pure crystals have a smaller lattice parameter of 4.32 A, likely due to
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remaining oxygen and vacancy defects present in the structure (i.e. NbNxOy[ ]1-x.y, Where
[] denotes vacancies).?* Final treatment in CH4/H2/N; at an even higher temperature of
1000 °C introduces carbon content and increases the lattice size to 4.41 A, between that
of rock-salt NbN and NbC (lattice parameter of 4.43 A; Figure 3.S6). Along with an
increased lattice parameter, coherently scattering domain sizes calculated using the
Scherrer equation grew from 4.3 nm in NbN-type films to 5.8 nm in NbCN films. In
general, various NbCN films treated under the same conditions were found to have
coherent scattering domain sizes ranging from 4.8 nm to 5.8 nm. Consistent with earlier
results, the high-temperature processing does not lead to substantial crystal growth,
which is responsible for the good structure preservation at the mesoscale across the
various processing steps.?*

For comparison, dense carbonitride thin films were synthesized via spin-coating
of a pure niobia sol solution (i.e., without ISO) and heat treatment under identical
conditions (denoted as the “dense film” hereafter). GIWAXS results show such dense
films have a coherent crystallite size on the lower end of the range seen in the porous
NbCN films, i.e., 5.2 nm, according to Scherrer analysis. Overall, consistent with

observations and discussions in our previous bulk materials study,?>**

we hypothesize
that the mesoporous structures induced by the co-assembly with ISO facilitates the
diffusion of reactive gas species to and from the material during high-temperature heat
treatments, and promotes solid-state reactions with low tendency for recrystallization,

leading to the very slow grain growth observed.?* This hypothesis is consistent with

conventional wisdom, that bulk diffusion significantly contributes to domain growth
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only at 7> 0.5 T,,, from which for these materials one would not expect bulk crystal

growth from temperature alone until about 1150 °C.

Figure 3.4. Electrical transport measurements of mesoporous superconducting niobium
carbonitride thin films on silicon substrates heat treated in CHy/H/N: at a temperature of 1000
°C. Measurements were performed using the van der Pauw method. (a) Plot of resistivity (p) as
a function of temperature (T) at zero field. The inset shows the plot of the logarithm of p as a

function of T"?. The linear behavior before the superconducting transition can be fitted with an
T 1/2
Arrhenius-like exponential dependence of the form p = pyexp [( O/T) ] with pg = 43

uQ-cm and Ty = 80 K. (b) Plot of p (normalized with respect to 300 K) as a function of T for
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mesostructured and dense niobium carbonitride thin films. (c) Plot of p of the film in (a) as a
function of T at varying field strengths. (d) Plot of upper critical field (B.3) as a function of T,
together with the depiction of the phase diagram of niobium (carbo)nitride superconductors.
The relationship between critical field (B.) and T is B, = B:(T = 0) [1 - (T/TC)“] , where T. is
the critical temperature, and o is an empirical fitting parameter. Red points are our
experimental B.; values at corresponding T determined as when p decreases to half the peak
value before the superconducting transition. The data points are fitted with a. = 4, shown as the
dashed line. The dark blue region represents the behavior of superconducting niobium nitride
with a lower critical field (B.1) of 4.0 mT and a T. of 15.2 K from ref™’, with the boundary fitted
with a = 2. The light blue region represents the mixed state of normal and superconducting
niobium carbonitride with B> of 11 T and T. of 16.7 K from ref**, with the boundary fitted with
a = 1.* The inset shows the linear fit of our experimental B, values when the horizontal axis

represents T raised to the power of 4.

Superconductivity in mesoporous NbCN thin films was probed via DC transport
measurements (Figure 3.4), utilizing a van der Pauw geometry with four chromium/gold
metal contacts deposited on the film perimeter via thermal evaporation through a
shadow mask (see Experimental Section, Figure 3.S3). The resistivity, p, of the
mesoporous NbCN film (Figure 3.4a) was measured to be 6.91 uQ-cm at 300 K,
comparable to that of the dense film, 5.65 uQ-cm. During zero-field cooling (ZFC) of
the carbonitride, however, a precipitous rise in the resistivity was observed down to the
transition temperature (7¢) of 12.8 K with a relatively low value of p300 k/p12.8x = 0.0065.
It should be noted that the porosity of the film was not considered for the calculation of

resistivity, so the value is likely an overestimation (see Supplemental Note 3.2). At 12.8
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K, a sharp decrease to zero resistivity occurred indicating the transition into a
superconducting state. This temperature is below the 7. of ~ 17.3 K observed in
sputtered NbCN films.* The decrease in 7. could be due to differences in the
carbon/nitrogen ratio in the mesoporous films as compared to controlled sputter
deposition, or to the retention of oxygen or vacancies in the material, as the NbCN
synthesized here was converted from a parent oxide rather than grown in an oxygen-
free environment. It is also notable that the 7. of the mesoporous sample under ZFC is
slightly higher than that of the comparative dense films (Figure 3.4b). This result is
further confirmation that the induced porosity and very high surface area in the ISO
templated films facilitate material conversions during processing and improve final
superconductor quality, possibly through increased reactivity with gaseous species as a
result of significantly shortened diffusion distances during annealing enabled by the
nanostructure.

The exponential rise in resistivity with decreasing temperature down to 7 is

I and has

reminiscent of the behavior reported in granular superconducting samples,*
been observed previously in nanocrystalline NbN films.**~*¢ In these materials, the finite
charging energy associated with individual grains can lead to thermally activated,
Arrhenius-like dependence of conductivity on temperature such as is evidenced in
Figure 3.4a (inset).*! An additional contribution to the increased resistivity upon cooling
may be increased grain boundary scattering of electrons in the highly granular NbCN
thin films.** In the case of the mesoporous NbCN thin films of the present work, disorder

and granularity in the material arise from both the small crystallite size as well as the

nanoscale mesostructural network features. It is notable that these two parameters are
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of the same order: the coherent scatting domain size in the NbCN is measured to be 5.8
nm, while the thinnest points of the struts comprising the mesoscale network are ~ 10
nm or less (Figure 3.2, Figure 3.S5). For nanocrystalline NbCN materials structure
directed by BCPs, these two parameters are separately tunable through high temperature
processing or selection of the BCP templating agent molar mass, respectively. This may
become an important future tool for elucidation of the impact of physical confinement
on the same order as the average grain size in granular metals and superconductors.

Upon transitioning into the superconducting state at 12.8 K, resistivity is entirely
lost. Magnetoresistance measurements of the NbCN thin film (Figure 3.4c¢) show that
a high upper critical field (B.2) is maintained in the mesoporous films, estimated to be
over 16 T (Figure 3.4d). This is higher than the B> of ~ 11 T observed previously in
bulk NbCN matieral,*®-° which further speaks to the relatively high quality materials
properties that can be achieved via scalable solution based synthesis techniques.
Observation of the upper critical field in the mesoporous NbCN along with the
superconducting phase behavior of niobium nitride (Figure 3.4d) accentuates this.

It is relevant to point out that nanocrystallinity and mesoscale structuring has
been observed to increase the critical field strength in superconductors due to the effect
on materials structure at the scale of the coherence length.2**7*% However, despite
having a slightly larger coherent scattering domain size, the estimated critical field in
the mesoporous film is notably higher than that seen in the comparative dense film
created via a sol-gel route without the use of BCP self-assembly (Figure 3.S7). While
materials stoichiometry could be at play, the high lattice constant present in the dense

film indicates a low level of oxygen and vacancy content. Thus, the mesostructure itself
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may play an important role in critical field enhancement via the contribution of surface
superconductivity or the increased granularity associated with the interpenetrating strut

networks.

Figure 3.5. Lithographic patterning of spin-coated thin films on silicon substrates. (a) Plan-
view SEM image of niobium carbonitride thin film patterned through photolithography, with 25
um wide strips etched away shown in dark. (b) Higher magnification SEM image of the
patterned film showing the edge along with details of the self-assembled mesostructure. (c)
Energy-dispersive X-ray spectroscopy (EDS) spectra of areas of plain film (i.e., non-etched
area) and etched film after 10-min CF; plasma etching. (d) Plot of resistance versus
temperature as obtained from an individual patterned 400 um wide strip thin film area. Inset

shows a single lithographically patterned niobium carbonitride strip (400 um wide) visible to
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the naked eye (white arrow) with four co-linear metal contacts across the strip used for the
transport measurements. Note that the niobium carbonitride strip shows up as a darker line
against the background in this image captured by an optical microscope, as opposed to the

darker area that is etched away in (a), which is captured by SEM.

As a proof-of-concept, we defined microscopic patterns via photolithography on
spin-coated BCP self-assembly directed thin films to illustrate compatibility of our
solution-based synthesis approaches to mesoporous superconducting samples with
typical semiconductor nanofabrication processing (Figure 3.1f-k). First, a photoresist is
applied on the ISO-niobia hybrid thin films that are pre-treated at 300 °C to minimize
swelling or dissolution of the film by photoresist solution, but without complete removal
of the ISO template (see Experimental Section). After exposure through a mask and
development, 25 um wide strips of photoresist layers are removed. Pattern transfers are
achieved by a combination of wet etching using buffered oxide etchant (BOE, to remove
niobia) and dry etching using oxygen plasma (to remove polymeric components). The
observed clear and sharp patterns demonstrate the viability for spin-coated ISO-niobia
thin films to be incorporated into standard microelectronic processing, with additional
self-assembled 3D features at the mesoscale (Figure 3.5a,b).

A separate pattern was transferred from a shadow mask using CF4 plasma
etching. Transfer fidelity is much higher for the ISO-niobia hybrid thin film before any
high-temperature heat treatments, whereas the features become smeared when using the
mesoporous niobium oxide films (Figures 3.S8 and 3.S9). Porosity in the

mesostructured film likely contributes to poor pattern transfer by allowing plasma to
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infiltrate void spaces thereby causing undesirable etching of regions of niobium oxide
covered/shielded by the mask. This is also likely one of the causes behind the slanted
edge seen in Figure 3.5b. Results suggest that the dry etching of thin films with internal
nanostructures derived from structure directing agents such as BCPs should proceed
before the introduction of porosity in order to maximize directional anisotropy. For our
spin-coated films, both CF4 plasma etching or a combination of wet and dry etching
could completely remove the ISO-niobia hybrid materials, as evidenced by the
disappearance of the Nb Lo peak in energy-dispersive X-ray spectroscopy (EDS)
experiments (Figure 3.5¢). Films patterned via plasma etching into 400 um wide strips
(Figure 3.5d, inset, white arrow) were found to retain superconductivity at low
temperature, but with a transition reduced to 5 K (Figure 3.5d). This shift could be due
to chemical inhomogeneity across the surface of mesoporous thin films, which would
create multiple percolating superconducting paths of varying composition and transition

temperature.

Conclusions

In summary, we reported the preparation of superconducting mesoporous
niobium carbonitride-type thin films on silicon substrates derived from BCP self-
assembly with niobia precursors using standard polymer solution-based processing in
combination with thermal treatments at elevated temperatures under different gas
environments. In more detail, the material fabrication route involved spin-coating of
ISO terpolymer-niobia sol hybrid solutions and a series of heat treatments in air,

ammonia, and carburizing gas at temperatures up to 1000 °C to result in controllable
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mesoporosity, nanocrystallinity, and superconducting thin film properties. Specific
steps to perfect the BCP self-assembly derived structure after spin-coating, e.g., by
means of low temperature thermal or SVA, were not taken but could be added in future
protocols. Finally, in proof-of-principle experiments, thin films were shown to be
amenable to lithographic patterning through common dry or wet etching techniques, all
compatible with regular semiconductor processing. While the relatively high
temperatures required to achieve self-assembly directed mesostructure conversion into
superconducting materials at first may seem to pose a roadblock to further technology
developments, it is perhaps instructive to note that this hurdle may be overcome by the
use of transient laser annealing methods.*” Such methods represent a proven technology
currently used in large scale semiconductor manufacturing to eliminate high-
temperature furnace treatments. Furthermore, they have previously been demonstrated
for the conversion of BCP self-assembly directed hybrid thin films into mesoporous
templates as well as for their conformal backfilling with crystalline silicon (cSi) using
transient laser annealing processes reaching temperatures above the c¢Si melting
temperature (i.e., over 1400 °C).!*!7.1 We therefore anticipate a clear path towards the
development of solution-based approaches to thin film technologies at the intersection
between soft matter self-assembly and quantum materials with tremendous academic as
well as industrial potential. In particular, the diversity of BCP self-assembly and
tunability of structural parameters, e.g., via BCP composition and molar mass, provide
unprecedented opportunities for the discovery of fundamentally new physics as well as
device functionality for potential applications ranging from information technology all

the way to energy conversion and storage and sensing.>
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Experimental Section
Preparation of niobium carbonitride thin films on silicon substrates

Unless otherwise stated, all chemicals were purchased from Millipore-Sigma.
Silicon substrates were obtained from Pure Wafer (resistivity 0.01 — 0.02 Q-cm, doped
with boron). Pure gases and gas blends used for thermal film treatments were obtained
from Airgas.

The protocol for the sequential anionic polymerization of the triblock terpolymer
ISO can be found in prior published work.?” A combination of proton nuclear magnetic
resonance ('H NMR) spectroscopy and gel permeation chromatography (GPC) was
used to determine total number-average polymer molar mass (M,) of 67.7 kg/mol,
polydispersity index (PDI) of 1.10, and block weight fractions for PI, PS, and PEO
blocks of 26.0 %, 65.3 %, and 8.7 %, respectively.

The preparation of niobia sol and ISO-niobia hybrid solutions is also detailed in
a previous publication, and was used with slight modifications.?? First, 0.50 g ISO was
dissolved in 7.00 g anhydrous (99.9%) tetrahydrofuran (THF). In a separate vial for the
sol stock solution, 0.96 mL niobium (V) ethoxide (99.999%, Alfa Aesar) was injected
to a mixture of 0.56 mL 37 wt% HCI solution and 0.90 mL anhydrous THF under
vigorous stirring. After 5 min, another 4.5 mL anhydrous THF was injected to the vial
to slow down the hydrolytic condensation. After 2 min of additional stirring, 1.40 g of
sol stock solution was added to the ISO solution. The hybrid solution was stirred for 20
h before spin-coating at 2000 rpm for 45 s on a~ 1x1 cm? silicon substrate. For Fourier-

transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA)
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characterizations, the hybrid solution was prepared from 0.050 g ISO mixed with 0.268
mL (for FTIR) or 0.147 mL (for TGA) niobia sol stock solution in 1.0 mL THF. The
hybrid solution was poured into a Teflon beaker (inner diameter ~ 1 cm) and heated at
40 °C under a glass dome to evaporate the solvent THF, resulting in a bulk film.

To further condense the niobia sol, the ISO-niobia hybrid thin films were heat
treated at 130 °C in air for about 3 h at which stage cross-sectional SEM images showed
films to be ~ 650 nm thick. The films were calcined in a tube furnace under static
ambient air to remove the templating ISO and to obtain mesoporous niobium oxide
films. The heating ramp rate was set at 1 °C/min to 450 °C, with a dwell time of 3 hours
at this temperature. Through this process step, the thickness of the niobium oxide films
dramatically reduced to ~ 110 nm, again determined from cross-sectional SEM images.
The nitridation of the niobium oxide films was performed in a quartz tube furnace using
electronic grade ammonia (99.9995% purity) at a flow rate of 8 L/h. The heating
protocol used included a ramp rate of 5 °C/min to 700 °C, with a 9-hour dwell time at
that temperature. For comparative studies between mesostructured and dense thin films,
the dwell time in this nitridation step was 3 h. Superconducting niobium carbonitride
films were derived by treating the niobium oxynitride films under carburizing gas
(CH4/H2/N2, 16/4/80 by mole fraction) at a flow rate of 8 L/h, heated at 5 °C/min to
1000 °C with a 3-hour dwell time. The thickness of the final films after this stage was
observed to be ~ 100 nm from cross-sectional SEM images, i.e., only slightly reduced

from that of the nitride films.
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Patterning of niobium carbonitride thin films

Shadow masks were made by cutting fused silica wafers from University Wafer
(thickness 180 pm) using a CO»> laser cutter (VersaLaser VLS3.50). The laser spot size
was 25.4 um operated at 1000 dpi, with 1.5 % power and 2 % speed set in the controlling
software. The widths of strips cut out ranged from 25 um to 800 um.

To etch the thin films into a strip with defined widths via only dry etching, the
shadow mask was placed onto the film and CF4 plasma was applied for 10 min (30 sccm
at 40 mTorr, 150 W power) using an Oxford PlasmaLab 80+ etcher.

To pattern thin films using photolithography, ISO-niobia hybrid thin films were
first heated at 300 °C for 3 h to further condense the niobia and partially pyrolyze the
ISO. After treating films with hexamethyldisilazane primer, S1813 resist was spin-
coated on the films at 3000 rpm for 30s (acceleration 10000 rpm/s). The photoresist was
then exposed to ultraviolet light (365 nm) for 3 min in vacuum contact mode in an ABM
contact aligner. After developing in Microposit MF-321 Developer for 90s, the
photoresist layer had a trench depth of ~ 1.6 pm (measured by P7 Profilometer). Thin
films were then etched by two cycles of 1 min descum process in the Oxford Plasmalab
80+ etcher (50 sccm oxygen at 20 mTorr, 50 W power) and a 20-min dip in buffered
oxide etchant (BOE, 6:1 concentration). The patterned thin films were finally heat
treated using the same protocol as detailed in the previous section in order to convert

them into niobium carbonitride.

140



Characterization
Fourier-transform infrared spectroscopy (FTIR)

FTIR experiment was conducted on Bruker Vertex V80V system in vacuum
using the attenuated total reflectance (ATR) configuration. The bulk films of the ISO-
niobia hybrid and the niobium oxide after calcination at 450 °C were ground to powder
using a mortar and pestle. Spectra were collected using a deuterated triglycine sulfate
(DTGS) detector.

Thermogravimetric analysis (TGA)

TGA data was obtained on a TA Instruments Q500 system using bulk films of
the ISO-niobia hybrid. A monolithic piece of the ISO-niobia hybrid was heated to 600
°C at a rate of 10 °C/min in air while measuring the retained sample mass in order to
determine the mass loss.

Scanning electron microscopy (SEM)

SEM images were captured with an in-beam secondary electron (SE) or regular
SE detector using a Tescan Mira3 field emission scanning electron microscope
(FESEM) operating at 5 kV accelerating voltage or with an inlens EsB detector using a
Zeiss GeminiSEM 500 operating at 2 kV accelerating voltage. Samples were coated
with gold-palladium prior to imaging (optional).

Grazing incidence X-ray scattering

Grazing incidence X-ray scattering experiments were performed at the National
Synchrotron Light Source II (NSLS-II) Soft Matter Interfaces (SMI) beamline with an
X-ray energy of 14.0 keV and incident angle of 0.10 °. Grazing incidence small-angle

X-ray scattering (GISAXS) patterns were recorded on a Pilatus3 1M pixel array detector
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with a sample-to-detector distance (SDD) of 4.97 m. GISAXS data were processed
using the MATLAB®-based software GIXSGUI (version 1.7.1)! to plot the 2D pattern
and produce a line-cut profile through the Yoneda band.? Grazing incidence wide-angle
X-ray scattering (GIWAXS) patterns were recorded on a Pilatus3 300K-W pixel array
detector positioned at 274 mm from the samples. The detector was rotated along a
goniometer arc to capture multiple frames with the scattering angle ranging from -3.5 °
to 62 °. Individual GIWAXS frames were stitched and processed using customized
python codes at SMI*? to plot the 2D pattern in reciprocal space and to azimuthally
integrate the intensity. Scherrer analysis was performed using JADE software on the
(111), (200), (220), and (311) peaks (the four peaks with smallest ¢ shown in Figure

3.3d). A pseudo-Voigt profile was used for peak fitting. The coherently scattering

domain sizes 7 calculated from the Scherrer equation t = K’l/ Bcosg Were averaged

to obtain the result. The shape factor K was 0.93, while § was the respective peak
broadening at half maximum.
Low-temperature transport property measurements

Heat-treated NbCN thin films on silicon substrates were cleaved with a diamond
scribe to remove ~ 1 mm from the perimeter of the roughly square samples on every
side. This step was taken to prevent inhomogeneous edge material from the spin coating
process contributing to transport measurements. Metal contacts of ~ 10 nm of chromium
immediately followed by ~ 30 nm of gold were then deposited directly onto the films
through a custom cut shadow mask using a Varian bell jar thermal evaporator. The

configuration of metal contacts defined in this way are shown in Figure 3.S3 (van der
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Pauw configuration for regular films) and in Figure 3.5d (inset, a co-linear configuration
for patterned strips).

Transport properties of samples were measured using a Quantum Design
Physical Properties Measurement System (PPMS) equipped with a helium reliquifier
and 14 T magnet. Samples were mounted onto a standard PPMS resistivity puck using
Lakeshore cryogenic varnish, and deposited chromium/gold contacts were wirebonded
to metal puck contact pads with aluminum wire using a Westbond model 7400E wedge-
wedge ultrasonic/thermosonic wire bonder. In a typical measurement, the external field
of the instrument was ramped to the specified field, e.g., 2.5 T, at a rate of 10 mT/s and
held at that value. An excitation current of 100 pA was then applied, and the resistance
value measured while heating or cooling the sample through the measurement range,
i.e.,2 K—20 K, at a rate of 2 K/min. At each point of the resistivity assessment, the
average of 5 measurement was reported as the value of resistance with an observed
relative error at least two orders of magnitude lower than the reported value. For van
der Pauw configurations, this was repeated for both the vertical and horizontal
configurations to obtain the final resistivity value. For patterned films (Figure 3.5), the
transport measurement shown in part d was repeated several times without substantial

variation between measurements.
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Supplementary Information for Chapter 3
Supplemental Note 3.1: Structural analysis of deformed G* films in Figure 3.2

The view along the [110] direction of the alternating gyroid (G*, space group
14132, number 214) displays a complicated network with struts at different depth of
view. The morphology seen in electron microscopy images can thus change
dramatically when the depth of view is altered, especially for the deformed G*
networks.>* In the context of a G* lattice, a G* thin-film structure with {110} planes
parallel to the surface (for simplicity, we will assume only the (110) plane, which is the
orientation depicted in Figure 3.S4) and shrunk nearly exclusively along the film normal
has the ¢ axis lying in the plane and parallel to the surface. The a and b axes point out
of the plane at an equal angle with respect to the plane normal, each forming a right
angle with the in-plane c axis: a = =90 °. The angle y between a and b is greater than
90 °, however, as a result of anisotropic shrinkage. Such a deformed G* model has been
successfully used to index the peaks in GISAXS patterns,* and a thorough analysis
showed the symmetry was reduced to F222 (space group number 22)."

Earlier results indeed observed a “cross-bar” morphology of two sets of struts
crossing at 90 °, with one set thicker than the other.’* The thicker-looking struts on top
are derived from the initially curved network pathways in G* overlapping with closely
aligned network pathways underneath, creating an impression of greater thickness
(Figure 3.S4, also see Figure 2c in ref *). The thinner-looking struts are derived from
single struts just below the top surface. It is worth noting that the curved network of
gyroids arises from a compromise between minimizing interfacial energy between

dissimilar blocks and reducing entropic penalty of chain stretching in block copolymers
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(BCPs). This is different from what is observed in SEM here in this work, i.e., purely
inorganic nanostructures obtained after heat treating ISO-niobia hybrids to decompose
and remove organic BCPs. Although the overall mesostructure derived from the curved
gyroid network should remain, distortions in local structure and symmetry are expected
as the niobium oxide becomes highly condensed and the entropic penalty of chain
stretching no longer applies. The graphics in Figure 3.S4 are generated from an idealized
level-set calculation®* that mimics the mesophase derived from the pure BCP system.
As such they do not exactly represent the distorted structure of the inorganic materials
after thermal treatment, but are useful for general illustration purposes.

It is possible to extract lattice parameters from the SEM image of the
mesoporous niobium oxide thin films after 450 °C treatment in air (Figure 3.S5, of
which Figure 3.2a is part of) which account for the GISAXS pattern of ISO-niobia
hybrid thin film before thermal treatment, where the peaks are the most discernible
(Figure 3.S2). The ¢ axis points along the thick struts; the average spacing between
perpendicularly crossing thin struts represents half the periodicity along the ¢ axis. From
the SEM image, several areas (Figure 3.S5, blue lines) can be identified to estimate the
spacing between thin struts to be approximately 30 nm. Therefore, the value of the ¢
parameter should be a little over 60 nm, accounting for the slight in-plane contraction
after the film is heated to 450 °C (Figure 3.3b). Similarly, the spacing between the top
thick struts is estimated to be approximately 39 nm (Figure 3.S5, gold lines), but this
length is a projection of a and b axes to the film surface as viewed with SEM. Again,
this spacing represents half of one period, which is equal to the length of a projection of

a or b, asin(y/2) (the two projections are equal as the angle of the a and b axes to the
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film normal are equivalent). Although y is unknown, this can be approximated from
prior results!®** and further refined for the current system using analysis of GISAXS
data.

Figure 3.S2 shows the GISAXS pattern of an as-made ISO-niobia hybrid thin
film before thermal treatment labeled with expected peak positions for a deformed G*
symmetry, as calculated using the GIXSGUI package.’! The lattice parameters
optimized to fit this pattern are as follows: a = b =44.5 nm, c = 61.0 nm, a = =90 °,
y =140 °. Considering the values estimated from the SEM images for the derived porous
oxide, there is good agreement between the expected peak positions and the
experimental results, particularly on the primary and secondary peaks on the Yoneda
band (¢- = 0.026 A!). The azimuthal spreading of intensity indicates orientational
variation of the {110} planes, but the radial positions of the expected peaks match with
the oval-shaped intensity fluctuations in Figure 3.S2. The length of projection of a or b
into the plane asin(y/2) = 41.8 nm in the hybrid is 7.2 % larger than the spacing of 39
nm between thick struts in the oxide after heat treatment, compared to a 1.7 % change
in the orthogonal in-plane direction, i.e., the ¢ direction corresponding to the spacing of
thin struts. The resultingly larger change in spacing between neighboring thick struts
likely caused greater strain on the thin “cylinders,” which is consistent with the
phenomenon that most cracks seen in the SEM images occur through the thin cylinders
(Figure 3.S5, green ovals) in order to relieve the stress originating from the orthogonal
high-shrinkage direction. Lastly, y is already significantly larger than 90 °, suggesting a
large degree of shrinkage of the cubic G* upon rapid evaporation during spin coating.

Anisotropic shrinkage is then exacerbated when the film is treated at higher
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temperatures, with film thickness decreasing by over 80 %. Such considerable
deformation, likely non-affine, blurs the peaks in X-ray scattering of films at later stages
(Figure 3.3), but our analysis here demonstrates that the mesostructural symmetry has

its origin in a G* lattice.

Supplemental Note 3.2: Discussion of resistivity of porous films with internal
mesostructures in Figure 3.4

Our current way of calculating the mesoporous film’s resistivity is based on a
hypothetical dense film that has the full thickness of the mesoporous film, which, strictly
speaking, is not an accurate representation. If we were to obtain a more precise
resistivity that takes into account the void space, the equation R = p//4 can be used,
where R, p, [, and A are the directly measured resistance, the resistivity calculated for
the van der Pauw method, the length of the materials, and the film’s cross sectional area,
respectively. The non-standard mesoporous films with internal structures prepared from
BCP self-assembly pose additional challenges for determining the exact value of p as 4
varies at different positions in the network structure. Nonetheless, an approximation of
the upper and lower bounds of resistivity can be calculated from the maximum and
minimum areal coverage of the cross section of conducting material. Figure 5 in ref °!
depicts the areal fraction of the matrix domain for double gyroids along different zone
axes. For our deformed alternating gyroid networks, if we assume the cross section is
perpendicular to the (110) plane that is parallel to the film surface, then the variation of
the area that is covered by niobium compounds should be half the difference between

unity and the red curve in the aforementioned figure, since the single gyroid network
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remaining in our films is one of the two interpenetrating double gyroid minority network
domains. This means the areal coverage by conducting material responsible for
measured electrical conduction ranges from 12 % to 21 %. By using R = pl/A, we
estimate the resistivity may be 12 % (minimum) to 21 % (maximum) of our reported
results that are calculated assuming the film has the full thickness.

These estimated boundary cases have to be considered with caution, however.
First, the alternating gyroid network structure in our samples is not the perfect structure
depicted in Figure 3.S4 or Figure 5 in ref °!, therefore the areal fraction associated with
a particular plane is not as well defined. Second, the actual areal coverage depends on
the volume fraction of the niobium type material in the film, and can be different from
Figure 5 in ref 3!. While we think the volume fraction in our case should be close, the
thin film geometry precludes accurate measurements of porosity by gas sorption, which
therefore remains an estimate. Lastly, network connectivity is related to the quality of
periodic order, and influences electrical conductivity, as can be imagined in
series/parallel circuits. All these factors may lead to variations in behavior, which is not

accounted for in our simple approximations.
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Supplemental Figures

Figure 3.81. (a) Fourier-transform infrared spectroscopy (FTIR) spectra of ISO-niobia hybrid
and mesoporous niobium oxide after calcination at 450 °C. (b) Thermogravimetric analysis

(TGA) curve of ISO-niobia hybrid up to 600 °C in air.

Figure 3.82. GISAXS pattern of the ISO-niobia hybrid thin film indexed with expected peak
positions based on G* symmetry (14,32) witha =b = 44.5 nm, ¢ = 61.0 nm, o = B =90 °, y =
140 °. The peaks are only shown on the right half for clearer comparison with the left, and the
expected positions are symmetrical with respect to q, = 0. White squares and red circles

represent peak positions through reflection and transmission channels, respectively.
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Figure 3.83. Photo of a superconducting niobium carbonitride film with chromium/gold metal
contacts deposited on the four corners in a van der Pauw geometry™ for typical transport

property measurements.

Figure 3.84. Illustration of alternating gyroid (G') structures generated from level-set
calculations, with directions of lattice vectors a, b, and c indicated. (a) Plan view along [110]
direction with (110) plane parallel to the surface. The struts within the gold rectangle appear
as a cylinder in SEM, while those within the blue rectangle form the thinner cylinder crossing

at 90 ° underneath. (b) A tilted view of the same structure.
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Figure 3.85. Plan-view SEM image of the mesoporous niobium oxide film. Gold and blue lines
show the positions of thick and thin struts in selected areas, respectively. Green ovals show

select areas with small cracks.

Figure 3.86. Azimuthal integration of GIWAXS intensities for the ISO-templated
mesostructured niobium carbonitride film and dense film derived from pure niobia sol. Red and
orange ticks show expected peak positions and their relative intensities for NbC (PDF #03-065-

8781) and NbN (PDF #03-065-0436), respectively.
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Figure 3.87. (a) Magnetoresistance measurements on the dense film at varying fields. (b) Plot
of upper critical field (B.3) versus temperature, where temperatures are determined at the points
where the resistivity decreases to half the maximum value before the superconducting transition.

The dashed line is a linear fit of the data points as described in the main text.

Figure 3.88. Photos of etched ISO-niobia hybrid thin film (left) and niobium oxide thin film

(right) with patterns transferred from shadow masks. Scale bar represents 1 mm.
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Figure 3.89. (a) Plane-view and (b) 45-degree cross-sectional SEM images of superconducting

niobium carbonitride patterned through CF, plasma etching with a shadow mask.
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CHAPTER 4

TUNABLE PLURONIC SELF-ASSEMBLY BASED QUANTUM MATERIALS:

MESOPOROUS SUPERCONDUCTORS MADE EASY+!

We report the synthesis of ordered mesoporous niobium carbonitride superconductors
from self-assembly of Pluronic-family block copolymers with a niobium(V) ethoxide-
based sol in ethanol. Resulting mesoscale hexagonal cylinder-forming nanocomposites
are first converted to atomically amorphous, mesoporous niobium oxide monoliths via
calcination in air to 400 °C. A sequence of heat treatments of porous oxides in reactive
gases to at least 750 °C and as high as 850 °C then produces phase-pure niobium
carbonitride superconductors while maintaining mesoscale order. Architectural
parameters such as mesopore diameter and wall thickness are tunable via selection of
templating agents and pore expanders. This broadly accessible Pluronics-based method
enables mesostructure-property correlation studies in the emerging field of quantum
metamaterials, and paves the way for studies into the confinement of guest species in

tailorable mesoporous superconductors.

1R. Paxton Thedford®, Corson A. Chao*, Fei Yu, William R. Tait, Dana Chapman, Peter A. Beaucage,
Guillaume Freychet, Mikhail Zhernenkov, Sarah A. Hesse, Christopher J. Tassone, Katja C. Nowack, Sol
M. Gruner, and Ulrich Wiesner. (In preparation) 2022
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Introduction
Block copolymers (BCPs) have been investigated for structure direction of
ordered mesoporous materials (OMMs) in applications ranging from catalysis to energy

2 and recently into quantum materials synthesis.>’ First

storage to drug delivery,"
observations in the emerging field of BCP-derived superconducting quantum
metamaterials suggest that mesostructure fundamentally alters quantum-level

67 Furthermore,

characteristics thereby controlling macroscopic property profiles.
polymer solution-based synthetic approaches to quantum materials avoid stringent
experimental conditions as are found in e.g., high vacuum growth techniques; this
allows for direct lithographic patterning,® and may open up access to hitherto
unavailable sample form factors. Soft matter enabled quantum materials thus hold

substantial academic and technological promise; one could envision a trajectory similar

to organic semiconductors.”!°

To date BCP structure direction of superconductors has been achieved using
relatively high-molar mass custom-made triblock terpolymers, e.g., in the form of
poly(isoprene-b-styrene-b-ethylene oxide) (ISO).> For a broad range of mesoporous
metal oxides, the commercially available Pluronics family of poly(ethylene oxide-b-
propylene oxide-b-ethylene oxide) (PEO-PPO-PEO) ABA triblock copolymers!!~1> has

allowed for highly precise structural tunability,!!-16-1

and control over host-guest
interactions within OMMSs.2%23 It remains challenging, however, to create highly
crystalline non-oxides with Pluronic copolymers in the absence of carbonaceous

additives or chemical functionalization due to the small pore wall thickness of resulting

inorganic materials.?*2° For example in 2017 Wei et al.! remarked that ".../ordered
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mesoporous] metal carbides, nitrides and sulfides can hardly be achieved by the
commercial Pluronic templates." In the same year we reported synthetic routes from
Pluronic-directed oxides to transition metal nitrides using ammonia (NH3),?’ but the

resulting materials were not of high enough quality to reach the superconducting state.
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Figure 4.1: Synthesis route to a mesoporous superconducting CUS-86 NbCN via co-assembly
of Pluronic F127 with a niobium(V) ethoxide-derived sol (top row). Photographs of materials

on quarter-inch grid paper (bottom row).

Here we report the successful synthesis of mesoporous superconductors with
hexagonal order (referred herein as CUS-86, followed by the maximum processing
temperature) using BASF Pluronic BCPs and a specific multistep heating protocol
involving multiple gas mixtures in addition to ammonia, motivated by recent studies
with larger molar mass ISO BCPs (Figure 4.1).° For example, a mesostructured Pluronic
F127-niobia composite is first prepared via evaporation of an acetic and hydrochloric
acid catalyzed niobium(V) ethoxide sol-gel/polymer solution in ethanol.?” The as-made

material is calcined in air at 400°C to remove organic components and produce
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amorphous niobium oxide monoliths. Conversion to the final superconducting
carbonitride is then achieved in multiple steps: the oxide is first heated at 5°C per minute
to 550°C in a tube furnace under flowing ammonia for 3 hours; remaining at that
temperature, the tube is then purged with dilute forming gas (H2/N2) for 30 minutes.
Finally, the resulting nitride is directly heated at 20°C per minute to at least 750°C for
90 minutes and then allowed to passively cool, all under carburizing gas (CH4/H2/N2;

see Supplementary Information for details).

Results and Discussion
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Figure 4.2: SAXS/WAXS and N: sorption characterization results for Pluronic F127-derived
CUS-86-750°C at various processing stages. (4) SAXS profiles of the as-made polymer-niobia
hybrid (bottom), oxide (middle), and CUS-86-750°C NbCN (top). (B) WAXS profiles of the oxide
(bottom) and CUS-86-750°C (top). Black ticks along the bottom denote expected peak positions
and intensities for NbN (PDF #03-065-0436).***° (C) N; sorption isotherm for CUS-86-750°C.

Inset: BJH-derived pore size distribution.*

Synchrotron small-angle and wide-angle X-ray scattering (SAXS/WAXS)?!

patterns of materials at different synthesis stages are displayed in Figure 4.2. Observed
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SAXS peak positions are consistent with hexagonal lattices with dio spacings of 13.6
nm, 10.4 nm, and 10.2 nm for hybrid, oxide, and carbonitride (NbCN), respectively
(Figure 4.2A, Figure 4.S1). Shrinkage of the hexagonal structure from the hybrid to
oxide during calcination agrees with previous studies.!> Further changes in lattice
characteristics upon transitioning from oxide to carbonitride are minimal. In Figure
4.2B, the oxide appears atomically amorphous, consistent with previous
observations.!>?” Processing of this parent mesoporous oxide up to 750°C (vide infra)
produces crystalline NbCN consistent with a rock-salt structure (space group Fm3m)
of lattice constant 4.37 A. This is lower than reported values for high temperature
synthesis of NbN (4.39 A)*® or NbC (4.47 A)*? due to the retention of oxygen and
vacancies,>?’ the latter of which niobium nitrides may be particularly prone to contain.*3
The upper bound for coherent scattering domain size of the atomic NbCN lattice is
calculated via Debye-Scherrer analysis to be 4.4 nm. This crystallite size is consistent
with the minimal grain growth and reactive re-precipitation model reported previously,®
and smaller than the pore wall thickness (vide infra).

The nitrogen isotherm shown in Figure 4.2C of F127-derived CUS-86-750°C
carbonitride supports the existence of regular open mesopores, showing type 1V(a)
behavior with H1 hysteresis** with a surface area of 79 m? g'35 The pore size
distribution obtained via BJH analysis is shown in the inset of Figure 4.2C.3° The
average mesopore diameter of 6.6 nm was determined using the adsorbed gas volume
at the end of capillary condensation and the BET-derived surface area.*® Scanning and
transmission electron microscopy (SEM/TEM) images of CUS-86-750°C (Figure 4.3)

corroborate the conclusions from SAXS and nitrogen sorption that the carbonitride
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maintains a high degree of hexagonal order with accessible mesopores. SEM

determined final thickness of CUS-86 monoliths was of order 130 pm (Figure 4.S2).

Figure 4.3: Electron microscopy characterization of CUS-86-750°C synthesized with various
Pluronic templating agents and pore expanders. (A,B) SEM (4) and TEM (B) micrographs of
Pluronic F127-derived mesoporous NbCN (Table 1, first entry). As shown in (B), the hexagonal
mesophase is typically polycrystalline. (C-F) Higher magnification SEM images of (C) Pluronic
F127-derived CUS-86-750°C; (D) CUS-86-750°C synthesized using F'127 with PPG as a pore
expander (Table 1, second entry); (C) CUS-86-750°C synthesized using Pluronic F108 (Table
1, third entry); (F) CUS-86-750°C synthesized using Pluronic FI108 and TiPB as a pore
expander (Table 1, fourth entry). Insets in C-F show slightly magnified SEM images; scale bars
in each correspond to 10 nm. In all SEM images, focus is on cylinders approximately parallel

to the beam direction.
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Figure 4.4: The effect of thermal processing on final carbonitride structure. (4) Color coded
schematic of thermal processing protocols, with dashed lines denoting temporal jumps forward.
(B,C) SAXS (B) and WAXS (C) traces for the final carbonitride materials, assigned by color to
the respective heating protocols as shown in (A). Black and red tick marks along the bottom
correspond to the expected peak positions and intensities for NbN (PDF #03-065-0426)"*% and

h-Nb>0s,*" respectively.

Successful conversion of mesoporous oxides into phase-pure NbCN with
retained hexagonal order required careful optimization. Figure 4.4 shows SAXS and
WAXS results for four carbonitrides produced from the same F127-derived parent oxide
using different processing protocols (Figure 4.4A). Heating an oxide at 20°C per minute
to 500 °C in ammonia for 3 hours (see ESI for details) results in incomplete nitridation,
and upon further treatment in carburizing gas at 750°C a crystalline oxide phase is
formed in addition to a NbCN phase (Figure 4.4C, blue trace). This disrupts the
mesostructure, resulting in the disappearance of higher order SAXS peaks and decrease

in primary peak intensity (Figure 4.4B, blue trace). On the path to CUS-86-750°C,
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treatment of the oxide instead to 550°C in ammonia more fully converts the material,
and upon carburization a phase-pure NbCN forms (Figure 4.4C, black trace) with a
coherent scattering domain size of the atomic lattice of 4.4 nm (vide supra).
Carburization must take place immediately following nitridation to successfully
produce CUS-86. Cooling of the nitride to room temperature instead, and then re-
heating during carburization results in a longer total processing time under the different
gases. This increases the coherent scattering domain size to 6.2 nm (Figure 4.4C, green
trace) and leads to a near total loss of mesostructure as suggested from SAXS (Figure
4.4B, green trace). Further, the final unit cell parameter of the carbonitride in the
cooling/re-heating case is 4.34 A, slightly lower than that of CUS-86-750°C (4.37 A).
This points to the material stoichiometry (of the form NbCxNyO,[]i-xy-z, Where []
denotes vacancies) as more nitrogen rich in the case of the cooled nitride (green traces),
which dwelt longer in an ammonia atmosphere during cooling, as compared to CUS-
86-750°C (black traces).’? This is corroborated by nitridation occurring at a slightly
higher temperature of 575°C followed directly by carburizing treatment (Figure 4.4, red
traces) also resulting in a final carbonitride with a slightly lower unit cell parameter of
4.36 A (Figure 4.4C, red trace). Nitridation at 575°C leads to a larger coherent domain
size of 4.9 nm, however, and degradation of the hexagonal order (Figure 4.4B, red
trace). These results together suggest that grain growth and mesostructure disruption
occur primarily during nitridation, but that there exists a stoichiometric threshold which

must be reached to prevent co-crystallization of niobium oxide during carburization.
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Figure 4.5: Characterization of Pluronic F127-derived CUS-86-750°C by Vibrating Sample
Magnetometry (VSM) and DC transport. (A) VSM magnetic moment in a 10 mT external field
from 2 to 20 K. (B) VSM magnetization loop up to +5 T performed at 2 K. Arrows denote field
scanning direction. (C) DC 4-point resistance from 2 to 20 K with no external applied field.

Inset, resistance measurement from 2 to 200 K. (D) Magnetoresistance measurement conducted

at 2 K.

At low temperatures F127-derived CUS-86-750°C transitions into a
superconducting state (Figure 4.5), displaying a Meissner state below a T. =6 K (Figure
4.5A).%8 This behavior was consistent between multiple separate sample batches and
after prolonged storage in air (Figure 4.S3). CUS-86-750°C exhibits a clear Type-II

hysteresis typical of NbN and NbCN superconductors (Figure 4.5B).>3%40 As CUS-86-
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750°C is cooled from 200 K towards the superconducting transition, a precipitous rise
in resistance occurs (Figure 4.5C, inset); this behavior is indicative of a thermally
activated mechanism of transport in the nanocrystalline, granular material (see also
Figure 4.S4),*'*? and agrees with previous studies on mesoporous thin film NbCN.8 A
sharp drop in resistance begins close to the T. ~6 K seen in VSM. During this drop
several slope changes are evident (e.g., at 5 K), indicating multiple transitions and
pointing to non-uniformities within the sample (Figure 4.5C). Magnetoresistance
measurements at 2 K of CUS-86-750°C show a broad recovery to the normal state
resistance with a distinct slope change around 5 T (Figure 5D), an approximate measure
of the low temperature critical field. It has been well established that critical parameters
such as upper critical field or transition temperature in NbCN are a function of material
composition®*#3-46; critical temperature and field strength in CUS-86-750°C is lower
than in traditionally synthesized NbCN (T.= 17.3 K, B2 = 11 T)*. Along with the
multiple transitions in Figure 5C, this speaks to a high content of vacancies and oxygen
as well as chemical inhomogeneity. Along with fluctuations*’ or difficulties in

contacting the sample (see Experimental section, Figure S5), this might also explain the

residual resistance observed below T..
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Figure 4.6: The effect of increased carburization temperature on CUS-86. (4) Color-coded
thermal processing schematic of carbonitrides produced from the same parent oxide. (B) VSM
magnetic moment from 2 to 20 K under a 10 mT external field for CUS-86 materials synthesized

according to A. (C&D) SEM micrographs of CUS-86 as synthesized according to A.

While earlier in this report we focus on establishing the minimum thermal
processing conditions to preserve mesostructure and achieve superconductivity,
carburization temperature may be increased beyond 750°C. In Figure 4.6A, black traces
show the method for producing CUS-86-750°C as characterized in Figure 4.2 and Figure
4.4, heating to 750°C in carburizing gas. In cyan and magenta are shown procedures in
which, after nitridation at 550°C in ammonia, material is heated to 800 or 850 °C,
respectively, in carburizing gas. This systematically increases the temperature at which
CUS-86 transitions into the Meissner state, up to =8 K for CUS-86-850°C, as well as
the maximum magnetization at 2K (Figure 4.6B). The improvement in superconductor
properties demonstrates that higher processing temperatures improve NbCN crystal
quality, but as shown in Figure 4.6C and D the hexagonal mesostructure is unaffected.

This provides further evidence for previous work which found that no significant grain
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growth occurs in mesoporous NbCNs below 1100°C.% As a additional note, further
experiments find that hexagonally mesoporous superconductors are obtainable without
the use of an intermediate forming gas step (Figure 4.S6, orange).

Finally, to demonstrate mesostructure tunability in CUS-86 carbonitrides, we
employed Pluronic F108 as well as F127 and pore expanders poly(propylene glycol)
monobutyl ether (PPG, My=1,000 g mol'), or triisopropylbenzene (TiPB).

Characterization results (Figure 4.2A, Figure 4.3D-F, Figure 4.S7-8) are summarized in

Table 4.1.
pore  surface Wall
Pluronic Mass ratio dioo sizet area’ thickness Onset Tc™
template Formula Additive Pluronic: Additive (nm)  (nm) (m%g) (nm) (K)
F127 EO99POssEO099 - - 10.2° 6.7 79 5.1% 6
PPG 4:1 10.8° 7.7 64 4.81 7
F108 EO133PO49EO133 - - 10.9° 53 76 7.37 6.5
TiPB 4:1 11.37 7.8 49 5.21 6

Table 4.1: Characteristics of Pluronic family block copolymer derived CUS-86-750°C
materials.

* Determined by SAXS.

" Determined by SEM.

* Determined by nitrogen sorption.*®

S Derived from SAXS & nitrogen sorption

Y Derived from SEM & nitrogen sorption.

** Determined by VSM.
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Conclusion

In summary, we report a successful protocol for the synthesis of the mesoporous
superconductor CUS-86 using commercially available, low molar mass Pluronic
triblock copolymers. Carefully optimized thermal processing of BCP templated
niobium oxides overcomes a longstanding challenge in the field of Pluronics derived
OMMs to produce crystalline NbCN while retaining hexagonal mesostructure up to
processing temperatures of 850°C. The achieved crystal quality is such that CUS-86
becomes superconducting below a T, of up to =8 K and B> of =5 T. Mesophase lattice
parameter, mesopore diameter, surface area, and wall thickness can be varied through
choice of Pluronic BCP and pore expander. The demonstrated ability to finely shim
through structural parameters enables detailed mesostructure-property correlation
studies in the emerging field of quantum metamaterials. We also expect this report will
be of broad interest to the mesoporous materials community for the study of organic or
inorganic guest species confined in this previously inaccessible superconducting nitride

class of Pluronics-derived OMMs.
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Supplementary Information for Chapter 4
Materials and Methods

Niobium(V) ethoxide (99.999% metals basis) was obtained from Alfa Aesar
(Ward Hill, MA, USA). Pluronic F127, Pluronic F108, poly(propylene glycol)
monobutyl ether (PPO) (average My~1,000 g/mole), triisopropylbenzene (TiPB) (95%),
and ethanol (anhydrous) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Acetic acid (glacial) and hydrochloric acid (37%) were obtained from Fisher Scientific
(Hampton, NH, USA). Ammonia (electronic grade, 99.9995%), forming gas (4%
hydrogen, balance nitrogen, certified standard), carburizing gas (4% hydrogen, 16%
methane, balance nitrogen, certified standard) and nitrogen (ultra-high purity, 99.999%)
were purchased from Airgas (Radnor, PA, USA). All materials were used as received.

Unless otherwise stated, in a typical synthesis procedure 0.40 g of Pluronic
F127, 0.285 mL of acetic acid, and 0.236 mL of hydrochloric acid were added to 7.5
mL of ethanol in a 20 mL glass scintillation vial with a Teflon lined cap. For trials using
F108 Pluronics, 0.4 g of F108 polymer was used instead of F127. For trials in which
pore expanders were used, 0.100 g of TiPB or PPO was then added. For the trials
corresponding to SAXS images shown in Figure 4.S1A & C, 0.265 mL of hydrochloric
acid was used instead. Solutions were stirred until all components fully dissolved, for a
time greater than 3 hours but not exceeding 5 hours. 0.625 mL of niobium (V) ethoxide
was then added to the solutions dropwise under vigorous stirring, at which point the
solutions were seen to adopt a pale yellow color. Solutions were then stirred for a period
of time greater than 11 hours but not exceeding 12 hours, under stirring conditions

which produced a regular vortex within the vials. At the end of this time, solutions were
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immediately poured into 4 cm diameter teflon beakers and placed atop a glass
evaporation dish on a hotplate set to 40°C. A hemispherical glass dome was then placed
over the teflon beakers to form a loose seal against the bottom glass dish. Solutions were
then allowed to evaporate unperturbed until visually appearing to be completely dry, a
process which took place over 2-3 days. Upon drying, a solid films were observed at the
bottom of the teflon beaker. In a variety of cases the appearance of these film ranged
from a transparent, glass-candy-like orange-yellow to a completely opaque eggshell
colored film. Dried films were heated to 130°C, either atop the hotplate on which
evaporation was performed or separately in an oven at ambient pressure, for a period of
6-10 hours. After cooling, films could easily be removed from teflon beakers for
subsequent thermal processing. At this stage the as-made polymer/inorganic composite
films were measured with a micrometer screw gauge to be =200 um in thickness. After
thermal processing was complete, this resulted in a final CUS-86 monolith thickness of
order 130 um (Figure 4.S2). It is expected that this thickness should be easily tunable
by varying of the evaporation dish size or by using processing methods such as spray,
dip, or spin-coating.

All further thermal processing took place in a Lindberg (Riverside, MI, USA)
model 55035 tube furnace using a 1” quartz tube and a custom-built gas manifold with
electronically actuated valves for automatic gas switching. As-made polymer-niobia
hybrid monoliths were placed into a quartz crucible and set in the tube furnace centered
directly over the thermocouple, and the tube was left open to air. Calcination then
proceeded by heating the as-made composite in ambient air at a rate of 1°C per minute

to 400 °C, at which temperature the samples dwelt for 3 hours. The system was then
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allowed to cool to room temperature statically, at an average rate of approximately 25°C
per minute. During the conversion to the oxide, hybrid monoliths appeared to shrink
irregularly and crack on occasion, but often retained their overall macroscopic shape
and monolithic form as shown in Figure 4.1. Visually white oxides were then heated
under controlled gas atmospheres, with a gas flow rate of 10 L/min in all cases. To
produce the superconducting CUS-86-750°C as shown in Figures 4.2, 4.3A-C, 4.4
(black traces), 4.5, 4.6, 4.S1-5, and 4.S6-8 (black traces) the following protocol was
followed. Oxide monoliths were first heated under flowing ammonia at a rate of 5 °C
per minute to 550 °C and held at this temperature for 3 hours. The gas atmosphere was
then switched to flowing forming gas while the tube temperature was maintained at 550
°C for 30 minutes. After this point the gas was switched to carburizing gas and the tube
was heated at a rate of 20 “C per minute to 750 °C and held at this temperature for 90
minutes. The tube was then allowed to statically cool under flowing carburizing gas, at
an observed average rate of 25 °C per minute. Upon cooling below 100 °C, the gas
atmosphere was then switched to flowing nitrogen for a period of two hours in order to
disperse any remaining methane in the system. Final carbonitride samples appeared
visually black and slightly reflective.

In various protocols as depicted in Figure 4.4A and Figure 4.6A, modifications
were made to this thermal treatment protocol. For the materials depicted by the blue and
red traces in Figure 4.4, the oxide was initially heated to 500 °C or 575 °C, respectively,
under flowing ammonia; all other parts of the protocol remained the same. For the
material depicted by the green traces in Figure 4.4, the sample was allowed to cool

statically to room temperature after the nitridation step, after which the tube was purged
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with forming gas while at room temperature for 30 minutes, before proceeding through
the carburizing step as previously described. The data shown in the orange trace of
Figure 4.S6 was obtained for materials made without the use of an intermediate forming
gas step; carburizing gas was instead used to purge the tube for 30 minutes at 550 °C
after ammonia treatment before heating to 750 °C in carburizing gas. In Figure 4.6,
materials shown in cyan or magenta were heated after a forming gas purge step to 800
or 850 °C, respectively, instead of 750 °C during the treatment under carburizing gas.
All other ramp rates and dwell times remained unchanged.

Nitrogen sorption measurements were conducted on a Micromeritics (Norcross,
GA, USA) ASAP 2020 Accelerated Surface Area and Porosimetry System. Powdered
CUS-86 samples were degassed for 24 hours at 120 °C prior to measurement. Pore size
distributions shown in the inset of Figure 4.2C, and in Figure 4.S7 were calculated via
the Barrett-Joyner-Halenda*® method. Average mesopore diameter was calculated by
dividing the volume of nitrogen adsorbed at the end of capillary condensation by the
total BET area measured.®

Small- and wide-angle X-ray scattering (SAXS/WAXS) data were obtained at
the National Synchrotron Light Source (NSLS-II) Soft Matter Interfaces (SMI)
beamline in a transmission geometry using an incident X-ray energy of 16.1 keV and
beam size of 20 um by 200 um. Monolithic sample flakes were oriented with the flat
faces roughly perpendicular to the incident beam, such that the volume illuminated
passed through the entire thickness of the = 130 um thick pieces (Figure 4.S2). SAXS
patterns were obtained with a Dectris (Baden-Daettwil, CH) Pilatus3 1M pixel array

detector at a sample-to-detector distance of 5 m. It was observed that hexagonal
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mesophase texture and orientation as probed by SAXS varied greatly between batches
of CUS-86 prepared under the same conditions (Figure 4.S1). WAXS patterns were
obtained with a Pilatus3 300 K-W detector at a distance of 274 mm, which was rotated
about a goniometer arc to record multiple images spanning scattering angles from -3.5°
to 62°. Individual WAXS frames were stitched (see Figure 4.S4), and the composite
WAXS images as well as SAXS images were processed and integrated into intensity vs.
q profiles using customized python codes at SMI.*8 Primary peak position and expected
reflections for SAXS traces were determined using customized additions for the Nika
package in Igor Pro.** Scherrer analysis to determine coherent scattering domain size
was performed with JADE software using the first five apparent peaks in the WAXS
traces, a shape factor of 0.93, and a pseudo-Voigt profile.

Additional SAXS and WAXS data not shown in this report were collected at the
Stanford Synchrotron Radiation Lightsource (SSRL). Small-angle X-ray scattering
(SAXS) was performed at the SSRL beamline 1-5. The beamline was configured to use
12 keV (1.033 A) X-rays with a slit defined beam size of 300 by 300 pm. A Rayonix
SX165 CCD area detector was used to collect the data in a transmission geometry. The
nominal distance of the detector was 2859 mm downstream of the sample as determined
by a silver behenate reference. Wide-angle X-ray scattering (WAXS) was performed at
the SSRL beamline 11-3. The X-ray beam energy was 12.7 keV (0.976 A) with a slit
defined beam size of 150 by 150 um. The data was collected with a 2D Rayonix MX225
CCD area detector in transmission geometry. The sample to detector distance was either
146 mm or 246 mm downstream of the sample as determined by a lanthanum hexaboride

standard.
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CUS-86 materials were prepared for SEM by affixing to aluminum sample stubs
using double sided conductive carbon adhesive tape (Electron Microscopy Services),
and then broken such that a freshly cleaved surface could be imaged. SEM images were
captured with a Zeiss (Oberkochen, DE) Gemini series inlens energy selective
backscattered (EsB) electron detector using a Zeiss GeminiSEM 500 operating at 2 kV
accelerating voltage. Coating with gold—palladium prior to imaging is optional.
Materials were prepared for TEM by first hand grinding to a powder with a mortar and
pestle, followed by sonication in ethanol and deposition on a copper TEM grid (Electron
Microscopy Sciences; Hatfield, PA, USA). Transmission electron micrographs were
obtained using an FEI (Hillsboro, OR, USA) F20 TEM/STEM operating at 200 kV.

VSM data were obtained on a Quantum Design (San Diego, CA, USA)
Dynacool Physical Property Measurement System (PPMS) equipped with the VSM
add-on, a cryostat capable of temperatures from 1.8-400K, and a 9T superconducting
magnet. The mass of CUS-86 samples were measured using a Cahn 28 automatic
electrobalance, and then the monolithic flakes were mounted onto quartz rods using
Lakeshore cryogenic varnish. Quartz sample mounts were then press fit into brass
holders such that CUS-86 monoliths were oriented perpendicular to the external
magnetic field. Samples were cooled to 2K under zero external field, and then a
magnetic field of 10 mT was applied to locate sample position within the VSM pickup
coils. Once centered in the coils, sample temperature was ramped to 20K at a rate of 1
K per minute while measuring the magnetic moment with an averaging time of 1 second

per data point. For field dependent magnetization measurements, the samples were
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cooled to 2K under zero field, and the external field ramped to 5 T, then to -5 T, and
back to 0 T at a rate of 5 mT per second. Sample magnetic moment was measured during
this field scan with an averaging time of 1 second per measurement. In all
measurements, the magnetic moment was normalized to sample mass and at each data
point relative error was observed to be at least one order of magnitude less than the
reported value.

Four-point resistance measurements were conducted on a Quantum Design
PPMS equipped with a 9 T magnet and an EverCool II helium reliquefier. CUS-86-
750°C monoliths were mounted using Stycast 2850FT epoxy onto silicon carrier chips
pre-patterned with four gold contact pads. 503 silver conductive paint (Electron
Microscopy Sciences) was used to make four colinear contacts on the CUS-86-750°C
monolith to the gold contact pads (Figure 4.S5). During this process of mounting
samples and contacting with silver paint, it was observed that samples fractured easily,
and that multiple attempts of fabricating silver paint traces had to be made before
resulting in a sample with four working contacts. This speaks to the non-trivial process
of forming good electrical contacts with the uneven, porous surface of CUS-86
monoliths.

The silicon carrier chip contacting a CUS-86-750°C monolith was mounted onto
a Quantum Design resistivity sample puck using cryogenic varnish and a Westbond
model 7400E wedge—wedge ultrasonic/thermosonic wire bonder. Resistance values
were measured using an excitation current of 100 pA while cooling to 2K at a rate of 2
K per minute. For magnetoresistance measurements, the sample temperature was held

at 2K and the resistance similarly measured while ramping the external field to 9 T ata

181



rate of 10 mT per second. At each data point the average of 5 measurements was taken
to be the reported resistance value, with a relative error at least three orders of magnitude
less than the reported value in every case. After the process of cooling and reheating the
sample, it was found that several silver paint contacts were disrupted and became

electrically isolated.
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Figure 4.51: 2D SAXS diffraction images of three separate batches of CUS-86-750°C made
with F127 Pluronics under various conditions (see methods). (A) Pattern of a primarily single
domain in the illuminated 20 um by 200 um x-ray beam. Pattern is indicative of a hexagonally
packed cylinder mesophase with a d;p = 10.7 nm, in which the long axis of the cylinders is
oriented roughly parallel to the incident beam but with a globally preferred tilt about an axis
perpendicular to the beam.>® (B) 2D SAXS image which was azimuthally integrated to produce
the top trace of Figure 4.24 and black trace of Figure 4.4B. The pattern appears to show 3
separate domains of the form described in (A), but with varying orientations and a djp= 10.2
nm. (C) Azimuthally symmetric pattern indicative of randomly oriented hexagonal domains with

a dio=10.6 nm. Right: log scale intensity color map for A-C.
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Figure 4.82: Representative low magnification cross-section SEM micrograph of the right most
edge of a CUS-86-750°C NbCN monolith, showing a thickness on the order of 130 um. Red
inset visual aide demonstrates the cross-sectional thickness of 130 um on the horizontally
oriented sample.
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Figure 4.83: VSM magnetic moment in an external magnetic field of 10 mT from 2-20 K for
three separate batches of CUS-86-750°C made with Pluronic FI127 (Table 1, first entry)
according to the 550 °C in ammonia, 750 °C in carburizing gas protocol described in the
methods: batch measured ~3 weeks after synthesis (black trace, identical to Figure 4.54), a
batch measured ~4 weeks after synthesis and synchrotron X-ray measurement (blue trace), and

a batch measured ~3 months after synthesis (red trace).
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Figure 4.54: Composite 2D WAXS image of F127-derived CUS-86-750°C (see Methods). The
azimuthal integration of this dataset is depicted in Figure 4.2B (top trace) and Figure 4.4C
(black trace). The broad and azimuthally isotropic diffraction peaks are indicative of a

polycrystalline sample with a relatively small coherent scattering domain size.

Figure 4.85: Photograph of CUS-86-750°C contacted with silver paint and mounted onto
PPMS resistivity puck prior to DC transport measurements. Red inset arrow points
approximately at the bottom left point of the contacted sample and along the direction of its
orientation. Top right inset shows an enlarged region, with a yellow line approximately

outlining the CUS-86-750°C sample.
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Figure 4.56: Characterization of F127-derived CUS-86-750°C carbonitride synthesized using
standard conditions (see black trace in Figure 4.44) but without the use of forming gas (see
Methods). VSM magnetic moment from 2 to 20 K for CUS-86-750°C made without forming gas
(orange trace) and for comparison CUS-86-750°C made with a forming gas purge (black, seen
also in Figure 4.54). Inset: SEM micrograph of CUS-86-750°C made without the use of forming

gas, displaying retention of hexagonally ordered mesopores.
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Figure 4.87: Nitrogen sorption isotherms (A) and BJH derived pore size distributions (B) for
CUS-86-750°C materials: F127 material without pore expanders (red), F127 with PPG

(magenta), F108 material without pore expanders (blue), and F108 with TiPB (cyan).
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Figure 4.88: VSM magnetic moment of CUS-86-750°C made with varying pluronics and
additives: F127 without pore expanders, identical to the black traces shown in Figures 4.54
and 4.57B (black trace, Table 1 first entry), F127 with PPG (magenta trace, Table 1 second
entry), F108 without pore expanders (blue trace, Table 1 third entry), and F108 with TiPB (cyan
trace, Table 1 fourth entry). All measurements were conducting in an external field of 10 mT,
while heating the sample environment from 2 K to 20 K. Inset at a scale to emphasize transition

onset.
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CHAPTER 5

SUPERCONDUCTING QUANTUM METAMATERIALS FROM HIGH
PRESSURE MELT INFILTRATION OF METALS INTO BLOCK COPOLYMER

DOUBLE GYROID DERIVED CERAMIC TEMPLATES?

Abstract

Mesoscale order can lead to emergent properties including phononic bandgaps or
topologically protected states. Block-copolymers offer a route to mesoscale periodic
architectures, but their use as structure directing agents for metallic materials has not
been fully realized. We demonstrate a versatile approach to mesostructured metals via
bulk block-copolymer self-assembly derived ceramic templates. Molten indium is
infiltrated into mesoporous, double gyroidal silicon nitride templates under high
pressure to yield bulk, three-dimensionally (3D) periodic nanocomposites as free-
standing monoliths which exhibit emergent quantum-scale phenomena. Vortices are
artificially introduced when double gyroidal indium metal behaves as a type II
superconductor, with evidence of strong pinning centers arrayed on the order of the
double gyroid lattice size. Sample behavior is reproducible over months, showing high
stability. High pressure infiltration of bulk block-copolymer self-assembly based
ceramic templates is an enabling tool for studying high-quality metals with previously
inaccessible architectures, and paves the way for the emerging field of block-copolymer

derived quantum metamaterials.

9R. Paxton Thedford", Peter A. Beaucage®, Ethan M. Susca, Corson A. Chao, Katja C. Nowack, Robert

B. Van Dover, Sol M. Gruner, and Ulrich Wiesner. Adv. Funct. Mater. 31 2100469(1-9) (2021).
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Introduction

Synthesis of quantum materials is currently focused at the atomic scale, but
many interesting phenomena could lurk in structures defined by their order on the scale
of tens to hundreds of nanometers.! It is known that mesoscale features can impart
desirable attributes in superconductors for instance, such as improvement in critical
temperature or current.> Extensive work has been performed on the effect of two
dimensional confinement or ordering in the thin film regime, demonstrating for example
the thickness dependence of transition temperature and tunable flux pinning in thin film
periodic arrays.®!® In contrast, there have been far fewer investigations of three
dimensionally (3D) ordered superconductors, and of the existing studies in this vein all
but a handful focus on isolated nano-objects or nano-wires.!!'"!> The use of block-
copolymer (BCP) self-assembly in the bulk gives access to numerous 3D co-continuous
network morphologies (including chiral networks), and may impart the ability to control
structure across characteristic lengths in superconductors (i.e., London penetration
depth, Ginzburg-Landau correlation length).!#'¢ This is in stark contrast to
conventional inorganic atomic lattices and is due to the dependence of BCP self-
assembly directed lattice parameters on molar mass, which can be precisely tailored
over a wide range by polymer synthesis.

Furthermore, numerous studies suggest or showcase emergent properties when
mesoscale 3D network morphologies typical of bulk BCP self-assembly are imparted to
a metallic material: topologically protected Weyl points, novel behavior in
superconductors, and complete photonic bandgaps in the visible spectrum provide a few

17—

examples.!”? The experimental realization of these metamaterials has been limited,
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however, by a lack of accessible synthesis routes for high-quality metallic materials
from bulk BCP self-assembled structures. High fidelity transfer of self-assembled
architectures into metals has been considered a grand challenge in BCP structure—
directed materials for the past decade. While strides have been made towards
mesostructured metals via the incorporation of metallic nanoparticles in a specific BCP
domain?’, most approaches focus on backfilling a BCP self-assembly directed porous
structure with metal by electro- or electroless deposition.!!*!23 Such methods typically
only achieve complete and uniform backfilling in thin films through careful control of
synthetic parameters, and lack generalizability.

In this work we demonstrate a robust, versatile route to mesostructured metal
superconductors using high pressure melt infiltration of liquid indium metal into bulk
BCP self-assembly—derived mesoporous double gyroid ceramic templates. The
combination of an exclusively physical process of infiltration with an extremely resilient
ceramic template is expected to be broadly transferrable to many materials. As such,
this method represents a fundamental and broad advance in the synthesis of high-quality
bulk mesostructured metals from BCP structure directed porous templates, and is an
enabling step for the full realization and fundamental understanding of self-assembly
derived metamaterials.

To date the only existing route to a mesostructured superconductor with bulk
block copolymer self-assembly derived 3D periodic network structure, which allows
facile tuning of both morphology and lattice parameters, is via bulk BCP-inorganic
hybrid self-assembly into a single (alternating) gyroid (only one of the two gyroid

minority networks is constituted by the superconducting material).!” This method
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requires multiple processing steps, however, to convert mesostructured niobia into
niobium nitride and other refractory ceramics. Such an approach inherently convolutes
material chemistry and mesostructure formation due to the sensitivity of high-
temperature solid-state reactions to surface area or chemistry and the wide array of
possible substituents. Thus, the direct comparison of various morphologies or lattice
parameters may not be easily possible. Similarly challenging is the comparison of such
materials to their corresponding bulk equivalents, making it difficult to parse the effects

of mesostructure and chemistry on the final superconductor properties.

Results and Discussion
Materials Synthesis and Structural Characterization

A platform based upon pure metals solves these issues, yielding compositionally
simple and stable materials for the direct investigation of the effects of mesostructure
on superconductivity. To that end, in this work we use high pressure infiltration of
molten indium into a porous silicon oxynitride (SiON) ceramic to create novel bulk
nanocomposites with double gyroid morphology (Figure 5.1a). In a method previously
reported,?* a poly(isoprene-b-styrene-b-dimethylamino-ethylmethacrylate) (PI-b-PS-b-
PDMAEMA, or simply ISA) triblock terpolymer with overall molar mass of 79 kDa,
polydispersity of 1.09 and with I, S, and A block volume fractions of about 20 %, 30 %,
and 50 %, respectively, is used to structure direct poly(methyl vinyl silazane) (PMVS)
into a hybrid material with double gyroid structure via evaporation induced self-
assembly (EISA). The nanostructured bulk ISA/PMVS composite monolith is then

converted via thermal processing into a mesoporous SiON ceramic (Figure 5.2), which
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serves as a mechanically strong and chemically resistant template for the infiltration of
molten metal. After EISA, the hybrid BCP/polysilazane composite monolith (Figure
5.2a, solid trace) exhibits the first seven reflections uniquely characteristic of a double
gyroid with a dioo of 125 nm. This structure is retained after pyrolysis in ammonia to
1000 °C despite isotropically shrinking to a dioo spacing of 73 nm (Figure 5.1a, dashed
trace) in the SION material. In nitrogen sorption/desorption measurements the resulting
ceramics show a type IV-H; hysteresis (Figure 5.2b) as expected for well-ordered
mesoporous materials and consistent with earlier studies.?* The Brunauer-Emmett-
Teller (BET) derived surface area of a representative sample is 21 m?/g, with a narrow
Barrett-Joyner-Halenda (BJH) pore size distribution centered around 18 nm (Figure
5.2b, inset).?> After infiltration of the two interpenetrating minority network void spaces
of the mesoporous ceramic with molten indium (green volume in Figure 5.1b), the
domain spacing is unchanged while higher order reflections appear to decrease in
intensity (Figure 5.2a, dotted trace). The absence of these higher order peaks is likely
due to measurement differences: SAXS data for the ISA/PMVS and ceramic monoliths
were obtained at synchrotron sources, while SAXS data for the indium infiltrated
sample was obtained using a rotating anode lab source. Retention of the peaks
characteristic of the double gyroid space group in the top trace, the absence of any

additional or forbidden reflections as a result e.g. of lattice distortions, and scanning
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electron microscopy (SEM) analysis shown in Figure 5.3 however all suggest that the

mesostructure is largely undisturbed by the metal infiltration.

EISA
40°C

NH, Indium
1000°C 250°C
400 MPa

Figure 5.1: Schematic of the route to a periodically structured indium metal/SiON composite
with double gyroid morphology. a) A mixture of ISA terpolymer and PMVS undergoes EISA at
40 °C to yield a double gyroid structured hybrid, which is then fired at 1000 °C in ammonia to
yield a mesoporous ceramic template. The resulting SiON matrix is placed in a custom reactor
with indium metal and heated to 250 °C under 400 MPa of pressure, yielding a metal infiltrated
gyroidal ceramic. b) Rendering of the two interpenetrating minority networks of the double
gyroid structure, that after high pressure processing are backfilled with indium metal. The

cubic unit cell is shown in black.

Infiltration of the free-standing, monolithic SiON template is accomplished by
heating the ceramic and metal together under vacuum above the melting point of indium
before applying a large isostatic pressure of up to 400 MPa of helium. The pressure

required for infiltration of the porous material is approximated by the Young-Laplace

199



equation (supplemental information). It was observed that no infiltration of indium
occurred using pressures up to 7 MPa, likely a result of the high surface energy of the
liquid metal and its large contact angle with the SiON (supplemental information). After
isostatic pressure is used to force the liquid metal into the network channels of the
template, the system is cooled and depressurized, trapping solidified indium in the pores
of the monolith. In the resulting gyroidal In/SiON composite, indium fills the voided
double minority network phase within a SION majority double gyroid matrix. X-ray
diffraction (XRD) traces for indium metal used in the infiltration and indium

metal/ceramic composite after infiltration are shown in Figure 5.S1.
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Figure 5.2: Schematic of the route to a periodically structured indium metal/SiON composite
with double gyroid morphology. a) Representative SAXS traces of the ISA/PMVS hybrid
(bottom, solid line; dipo = 125 nm), pyrolyzed SiON ceramic (middle, dashed line; dipo = 73
nm), and indium infiltrated ceramic (top, dotted line; dipo = 73 nm). Ticks above each pattern
together with Miller indices show the first eight expected reflections for the la3d space group
(#230) consistent with the double gyroid structure. Curves are vertically displaced for clarity.

b) Nitrogen adsorption and desorption isotherms for the double gyroidal SiON template via N
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physisorption. Inset: pore size distribution calculated via the Barrett-Joyner-Halena (BJH)

method for the mesoporous ceramic.”

The extent of indium infiltration is visualized via energy dispersive x-ray
spectroscopy (EDX; Figure 5.3). The homogenous distribution across the sample
(Figure 5.3a) suggested by the elemental map (Figure 5.3b) is corroborated by the
characteristic x-ray emission for indium and silicon across the width of the monolith
shown in Figure 5.3c. Aside from residual bulk indium depicted at the left surface of
the monolith (later removed by chemical etching and polishing prior to magnetic
measurements), the distribution of indium (from the backfilled network) as compared
to silicon (from the ceramic matrix) is relatively constant throughout the composite.
These results suggest homogeneous backfilling throughout the more than 50 micron
thick freestanding sample, demonstrating that high pressure melt infiltration of BCP

based mesoporous templates is a viable approach to bulk mesostructured metals.
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Figure 5.3: EDX and SEM characterization of an indium infiltrated mesoporous double
gyroidal SiON. a) SEM micrograph of an In/SiON composite cross section at low magnification.

b) EDX elemental map of the image depicted in a, areas with detectable indium are shaded in
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green. ¢) EDX photon counts in x-ray fluorescence energy ranges characteristic of indium
(green) and silicon (black) across the red line shown in b. d) Back-scattered electron (BSE)
micrograph of a polished In/SiON composite at a magnification that allows visualization of the
double gyroidal structure. A higher magnification image of a separate area is shown in the inset
(top right). e) BSE micrograph of the polished composite showing a grain boundary between
two mesoscale double gyroid domains (In regions appear bright, while SiON regions appear

dark).

Backscattered electron micrographs make use of the high atomic weight (high
Z) contrast present between the SiION matrix and indium network phases to highlight
the mesoscale structure: bright areas of the images in Figure 5.3d correspond to the high
Z indium while darker areas correspond to the lower Z ceramic. While these two images
corroborate successful overall backfilling with indium (vide supra), the micrograph in
Figure 5.3e highlights that areas with incomplete filling of the template remain. These
are often associated with the boundaries of two mesoscopic double gyroid grains at
different orientations (shown here along the bottom left to upper right diagonal). It
appears that along the grain boundary, indium fills only a small fraction of the SION
template void fraction. From EDX analysis showing macroscopically homogenous
indium infiltration and SEM micrographs of individual grains, we hypothesize that this
is due to mesostructural heterogeneity as opposed to inconsistency in backfilling.
During infiltration, indium metal fills the continuous networked porous volume, leaving
empty the isolated and inaccessible voids at, e.g., grain boundaries. This is supported

by recent large volume electron microscopy reconstructions of BCP double gyroids
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showing the presence of network breaking defects that would impede backfilling of the

voided channels.?®

Gyroidal In/SiON Nanocomposites in the Superconducting State

Superconducting properties of the indium/SiON composite, as revealed by
vibrating sample magnetometry (VSM) and four-point DC transport measurements, are
depicted in Figure 5.4. For comparison, pure indium was cut from the same batch used
for the infiltration and flattened into a 100 um foil, on the same order of thickness as
the 63 um thick composite monolith. Comparison of the behavior (Figure 5.4a) of
mesostructured indium (green) to its bulk equivalent (red) reveals substantial
differences, including distinctly different behavior around the transition temperature
(T¢). Pure indium exhibits a narrow transition at ~ 3.4 K, consistent with literature
reports. The polished mesoscopic sample, in contrast, exhibits a much broader
transition. Superconducting behavior is observed at a high temperature ‘onset’ of 3.7 K,
while the transition midpoint is depressed to ca. 3.1 K.

The increase in the T¢ onset is compelling evidence that the mesoscale structure
of the indium is dictating electronic behavior, agreeing with predictions and
measurements in indium nanoparticles or thin films.?” This effect may be explained as
a result of lower frequency surface phonon modes, which reduce the average phonon
frequency in a confined system, so called “phonon-softening”.?® The simultaneous
broadening of the transition is also likely a consequence of the mesoscale confinement
of indium in the two void networks of the SION template. Residual strain from the high

pressure infiltration is likely contributing, but cannot fully explain the behavior
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observed; indium metal under 200 MPa of pressure experiences a decrease in T of less
than 0.1 K.?° Similar phenomena have been observed in isolated superconducting wires,
where the broadening of resistive transitions can be attributed the generation of quantum
phase slips.?®3! Furthermore, in isolated nanoparticle systems, reduction in particle size
below = 20 nm leads to the so-called quantum size effect (QSE) from the discretization
of electronic bands.>* The QSE opposes phonon softening in superconductors, lowering
the Tc compared to the bulk value. The counterbalancing nature of these effects in
mesoscopic superconductors presents an interesting opportunity for interconnected
architectures such as the double gyroid: the networked structure could take advantage
of the T¢ boosting effects of phonon softening while avoiding T. depression from
quantum confinement. At the same time, the exquisite control afforded by BCP self-
assembly may allow for topological engineering of the QSE for additional improvement

of T, through exploitation of effects such as the coherent shell effect.
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Figure 5.4: VSM characterization of double gyroidal indium/SiON nanocomposite (green
traces) and bulk indium (red traces) shown in parts a and b. a) Magnetic moment measurements
over temperatures near the critical temperature of indium. All measurements carried out in an
external field of 8 mT. Inset (bottom right): Rendering of interpenetrating indium metal minority
networks in the SiON composite; the ceramic matrix is not shown to reveal minority network
connectivity. b) Magnetic moment measurements from 0 to 0.75 T, with arrows depicting field
scanning direction for both samples. Transport behavior of the indium/SiON nanocomposite as
measured by four-point probe technique. c) resistance measurements over a range of
temperatures close to the superconducting transition temperature at different applied fields: 0
T, IT, and 2 T. d) resistance measurements over a range of external field strengths at different
sample temperatures: 2 K, 3 K, and 4 K. Inset: resistance measurements at 2 K at low field

strengths.

The magnetization behavior of the In/SiON composite also differs substantially
from that of the pure metal (Figure 5.4b). The 100 pm thick pure indium foil (red trace)
behaves as a characteristic type-I superconductor, with an initial linear decrease in
magnetic moment up to 3.8 mT. Near = 3.8 mT the pure indium appears to transition
into an intermediate state, increasing in susceptibility until fully entering a normal state
above the critical field of poHce = 23 mT. This behavior is consistent with reports of
superconductivity in indium films.?3-** The magnetization curve of the pure indium foil
exhibits some hysteresis upon scanning the field in the field lowering direction due to
demagnetization, similar to the “topological hysteresis seen in the intermediate type I
state of lead foils of similar thickness.* In sharp contrast, the indium confined to the 63

um thick double gyroidal composite monolith (green trace) exhibits emergent behavior
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characteristic of hard type II superconductors. The slope of the magnetization in the
initial linear regime at low fields gives a magnetic susceptibility of = —0.8, assuming an
average density of = 5 g cm™ for the SiON/In composite. While this does not account
for demagnetization in the irregular platelet-like sample, this entails that some flux
penetration occurs even below Hci. Upon raising the external field significant hysteresis
is observed, with the lower critical field (Hc1) depressed below the bulk to poHe = 2.5
mT, while the upper critical field (at which magnetization completely disappears)
increases to ~ 0.63 T (Figure 5.S2). This upper critical field matches the characteristic
field for overlapping vortices on a triangular lattice of 62 nm, comparable to the double
gyroid unit cell size of 73 nm. Further, the irreversibility of the magnetization curve
implies the introduction of strong pinning centers in the In/SiON composite. It is notable
that this emergent magnetization behavior of double gyroidal indium is reproducible
even after several months of storage under ambient conditions (Figure 5.S3) suggesting
high sample stability. While point defects (such as chemical impurities or vacancies)
can serve as pinning sites,*® the chemically inert melt infiltration and absence of such
strong pinning centers in the bulk sample suggests that the origin of the pinning is likely
the mesostructure. This is corroborated by work performed on inverse opal templated
metals, where evidence suggests vortex pinning commensurate with the opal lattice
size.>’3% However, in contrast to the inverse opal type structures, which consist of large
nodes connected by an order of magnitude smaller in diameter ‘weak links’, the gyroid
structures present in this work consist of networked struts of relatively homogeneous

diameter throughout. This distinction is important for consideration of the origin of flux
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pinning as well other properties which arise due to confinement, as explored in the next
section.

Transport behavior of the confined indium metal roughly matches the behavior
observed in the magnetization measurements. A distinct transition to a superconducting
state at =~ 3.5 K in zero external field is displayed in Figure 5.4¢c, with similar broadening
observed. Just above the onset temperature of 3.7 K exhibited in the magnetization
measurements, a distinct slope change is seen with deviations from the normal
resistance up to 6 K. This excess conductivity in the normal state just above the critical
temperature is often observed in systems with reduced dimensionality, where
fluctuations are expected to have a much greater relative effect.’® In Figure 5.4d, distinct
transitions appear at field strengths matching the critical fields as seen in Figures 5.4b
and 5.S2. At the observed lower critical field of = 2.5 mT, a change in slope can be
noticed for the sample measured at 2K. Starting at = 0.63 T, another transition can be
seen matching the upper critical field. Here too it is observed that the transition is
relatively broad, with deviations from the normal state resistance occurring up to much
higher fields than in the magnetization measurements. This could be indicative of longer
lived surface superconductivity in the double gyroidal material,*® which would
contribute much less to the bulk magnetization.

Important to this consideration is the presence of the dielectric SION ceramic
matrix forming an interface with the indium throughout the composite. It is known that
at the interface of metal and insulator, superconductivity can nucleate at surfaces
parallel to the external field up to a critical field Hes higher than the upper critical field

41,42

Hc> by almost a factor of two. This would correspond to surface nucleation up to an
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external field of = 1.3 T in the case of the In/SiON, which roughly matches the slope
change above 1 T seen in Figure 5.4d. The 3D networked double gyroidal indium
studied here has a very large relative surface area. Therefore non-negligible
contributions of surface superconductivity from indium/SiON interfaces oriented
parallel to the external field to the transport can be expected. The presence of the
ceramic SiION matrix/separator (as opposed to e.g. air) in the composite could be
important for surface plasmons confined to the dielectric/metal interface or Josephson
coupling of neighboring superconductor wire networks, though it should be noted that
the =20 nm thickness of the SiION interlayer in this work likely precludes significant
tunneling current.*~* However, as previously mentioned, a particular strength of BCP
self-assembly is the ability to tune the lattice parameter of mesoscopic architectures
while maintaining material symmetry. Theoretically this could enable decreasing the
SiON dielectric matrix thickness below a threshold to achieve high tunneling currents
and Josephson coupling between the distinct, interpenetrating left- and right-handed
chiral networks of the double gyroid.

The residual resistance observed in Figure 5.4d and e could also be a result of
inhomogeneity in the double gyroidal indium network itself. As shown in Figure 5.3e,
mesoscale grain boundaries in the mesoscale polycrystalline double gyroidal template
can prevent complete filling of the void space. At such boundaries, only a few isolated
indium pathways connect more completely filled double gyroid grains. These = 18nm
diameter isolated wires could account for the incomplete flux exclusion observed below
Hc1, and may be prone to thermally activated phase slips below the critical temperature.

This has been observed to yield a finite resistance in type I superconductor nanowires.?!

208



The Effect of Mesostructure on Superconducting Properties

The overall shift from type-I to type-II behavior is consistent with the observed
change in the underlying material properties and length scales. The Ginzburg-Landau-
Abrikosov-Gor’kov (GLAG) theory of superconductors classifies superconductor type
in terms of the energy of the superconductor-normal interface, which in turn is
determined by the Cooper pair coherence length, &o, and London penetration depth, Ar.
The ratio between these two characteristic lengths, termed the Ginzburg-Landau (GL)
parameter, k, defines the point at which a material switches from type I to type II
behavior as 1/V2. This parameter is highly dependent on the mean free electron path,
which can be substantially reduced in granular or “dirty”superconductors.*> The
reduction in mean free electron path has been observed to result in type I to type 11
transitions in many metals in thin film and nanoscale geometries, including inverse opal
lattices.!>3746 In indium thin films, however, the transition from type I intermediate
structures to vortex formation at high field strength does not occur until films become
thinner than 80 nm.*® In the case of the 63 um thick composite In/SiON double gyroid
reported here, it is therefore the mesoscale periodic structure of the indium metal which
is likely dictating the material properties. This can be further demonstrated by an
estimation of the effective characteristic lengths in the double gyroidal indium via
equation (5.1).

_ %o
H, = W (5.1)
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In this relationship, derived by GLAG theory, H., corresponds to the upper
critical field at 0 K, ¢ to the effective coherence length at 0 K, and ¢, to the magnetic
flux quantum. Observation of the upper critical field of the double gyroidal indium at

varying temperature (Figure 5.S2) and a fit to the GL relation H.,(T) = H.,(0) -
(1 — (T/TC)Z) (Figure 5.S5) gives the values for H.,(0), ¢ , and T, shown in Table 1.
The effective London penetration depth can then be estimated from the effective
coherence length using the dirty limit expressions & = 0.865(Eoleff)1/2 ,and A =

0.661;, (50 /e ff)1/2 where &, and A, are taken as the bulk values of indium and / is the

effective electron mean free path.*> While simplistic, this treatment matches the critical
temperature as detected in Figure 4 and the observed lower critical fields reasonably

well (Figure 5.54b).

Te (K) HoHo(T) §(nm) A, (nm) K
Bulk  3.37f 2.8 x 10°2f 360" 65" 0.18
Double Gyroid ~ 3.67 0.83 20 670 335

Table 5.1: Critical values and characteristic lengths for bulk indium metal as compared to
parameters calculated for the mesostructured indium in the double gyroidal metal/ceramic
composite.

# Critical temperature and field for bulk indium previously reported.*’

* Characteristic lengths for bulk indium previously reported.*
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From Table 5.1 it is apparent that the GL parameter, k, and thus the
superconductor type, changes drastically in the mesostructured indium relative to the
bulk. Notably, the estimated coherence length in the double gyroidal metal network, &
= 20 nm, is on the same order as the BJH derived pore size, 18 nm (Figure 5.2), and the
average ballistic path within the confines of a model strut network, 23 nm (supplemental
information, Figure 5.S5). Though an approximation, this is further evidence that the
mesoscopic architecture is determining the electron mean free path. For comparison, the
mean free electron path in bulk indium metal at room temperature has been measured
as 8.65 nm.* If it is assumed that few impurities are introduced into the indium during
the pressure infiltration, the mean free path should be at least an order of magnitude
higher at temperatures <4 K. In the double gyroidal indium however, the implied mean
free path is found to be 1.5 nm; within the confined strut network of the ceramic template
the maximum possible line-of-sight path can range from a few nanometers in the surface
normal direction to several hundreds of nanometers along certain crystallographic
directions (Figure 5.S5). In theory this may lead to other metamaterials behavior such
as angle dependent magnetization or vortex pinning and magnetic lock-in/flux-trapping
from particular alignment of the external field with respect to the orientation of a single
crystal double gyroid metal network.>® Changing the mesoscale domain size of the
template while maintaining the double gyroid morphology, or vice versa, could lead to
other interesting phenomena. Through the use of bulk BCP self-assembly for the
creation of networked mesoporous architectures, the platform described here uniquely

combines all of these capabilities.
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Conclusions

These proof-of-principle measurements of double gyroidal indium
superconductors show substantial promise for high pressure metal infiltration of BCP
derived ceramic templates as a facile, stable, and tunable platform for the investigation
of complex 3D mesoscale geometries in metals. In this work, gyroid structured indium
has been shown to be a quantum metamaterial: the induced mesoscopic architecture
substantially changes superconducting properties through a modification of
fundamental, quantum level characteristics, i.e. the superconducting coherence length.
The backfilling of double gyroidal ceramic templates with other metals such as
aluminum, silver, or gold is predicted to yield materials with novel photonic and
electronic properties.!”!823:3! Beyond pure metals, polymers,>? metallic glasses,> and a
few ordered crystalline materials have proven amenable to pressure driven
nanomoulding.>* Finally, more extensive investigation into this emerging class of
materials may be possible by expanding the high-pressure infiltration technique into
single-crystal gyroidal templates, which have only recently become available.>® Thus,
the use of high-pressure infiltration together with bulk BCP self-assembly—derived
ceramic templates presents a wide array of potential projects bridging the disparate

fields of soft matter and quantum materials.

Experimental Section
Materials
Unless otherwise stated, all chemicals were obtained from Sigma Aldrich and

used as received. Polysilazane, trade name Durazane 1800, was donated by Greg
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McCraw of EMD Performance Material - Branchburg, New Jersey. Double gyroidal
SiON ceramic templates were prepared using a previously-described method.?* In brief,
0.698 g of a poly(isoprene-b-styrene-b-dimethylamino ethylmethacrylate) “ISA”
triblock terpolymer with overall molar mass 79 kDa (polydispersity of 1.09 with I, S,
and A blocks having a volume fraction of 19.6 %, 30.7 %, and 49.7 %, respectively)
was mixed with 0.386 g of a commercial poly(methyl vinyl silazane) (PMVS)
“Durazane 1800 and 20.425 g toluene. After mixing, the solution was allowed to
evaporate in a double-diffusion cell at 40 °C over a span of two weeks to yield a free-
standing, double gyroid structured hybrid monolith with a thickness of ~ 100 um. This
hybrid monolith was etched under CF4 plasma for 40 minutes on each side to remove
any surface abnormalities. Small portions were then cut from the etched sample and
heated to 1000 °C at a rate of 5 °C min™! under ammonia gas at a flow rate of 15 L min-
!'to produce freestanding double gyroidal monoliths. Indium wire (99.999% purity) was
purchased from the Indium Corporation and cut into 1 cm sections. These sections were
cleaned prior to use by rinsing in aqueous hydrochloric acid with a mass fraction of 10
% followed by isopropanol. The sections were stored under isopropanol until use to

inhibit oxide growth.

Small Angle X-Ray Scattering

SAXS data for the hybrid ISA/PMVS monolith (Figure 5.1c solid trace) was
obtained at the Soft Matter Interfaces beamline (12-ID) of the National Synchrotron
Light Source IT (NSLS II). Data for the pyrolyzed porous double gyroidal ceramic

template (Figure 5.1c, dashed trace) was obtained at the G1 station at the Cornell High
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Energy Synchrotron Source (CHESS). Data for the composite indium backfilled
ceramic (Figure 5.1c, dotted trace) was acquired on a custom-built small angle x-ray
scattering beamline. The home-built SAXS apparatus utilized a copper rotating anode
x-ray generator and a phosphor-coupled charge-coupled detector. This setup is
described in detail elsewhere.> SAXS images taken at NSLS II were collected on a
Pilatus 1M detector using a monochromatic x-ray beam with an energy of 16.10 keV
and sample to detector distance of 8.3 m. SAXS images obtained at CHESS were
collected with an energy of 9.84 keV and sample to detector distance of 2.2 m with an
Eiger 1M pixel array detector. Two dimensional scattering images were integrated

azimuthally using the Nika software package.>

Nitrogen Physisorption

N2 sorption measurements were performed on a Micromeritics ASAP 2020
Accelerated Surface Area and Porosimetry System. Powdered SiON ceramic was first
degassed at 120 °C for 12 hours before sorption measurement at -196 °C. Pore size

distribution was calculated via the Barrett-Joyner-Halenda method.

High Pressure Infiltration

Sample infiltration was performed in a custom-built high pressure / high
temperature cell, using a high pressure manifold described previously with some
modifications.’” The cell consisted of a set of stainless steel fittings rated for 413 MPa
(High Pressure Equipment Co. -Erie, Pennsylvania) wrapped in a fiberglass-jacketed

heat tape with a K type thermocouple embedded in the fitting thread using thermal
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grease. Samples to be infiltrated were placed in ca. 3 cm long, 4 mm diameter glass
tubes with one end sealed in order to contain the molten In and avoid contamination of
the stainless steel cell walls. An activated carbon filter was placed between the cell and
the manifold system to prevent indium vapor contamination of other parts of the
apparatus. The temperature just beyond this carbon filter was actively monitored to
check for any potential annealing behavior in the manifold itself. The manifold was
connected to a portable turbomolecular pump (Edwards Inc. - Burgess Hill, United
Kingdom), and routinely reached the pump base pressure of 10~ Pa during pump-out.
In a typical infiltration procedure, a SION template was placed in the bottom of a glass
tube. One or two 1 cm pieces of cleaned indium wire were then quickly placed in the
tube and the tube inserted into the reactor. The reactor was connected to the pressure
manifold and placed under vacuum, typically within 2 min of removal of the indium
wire from storage in isopropanol. The sample was allowed to degas at 60 °C until the
pump reached its base pressure, typically 8 to 12 hours. The cell was then heated at 10
°C min! to 250 °C and held at this temperature under vacuum. It is important to heat
the metal above its melting temperature with the SION template under vacuum so that
the molten metal completely encapsulates the porous monolith. This ensures that when
isostatic pressure via He gas is applied to the system, the pressure differential from the
exterior of the melt to the interior pore volume is maximized, which is the driving force
for infiltration. After 2 hours the valve to the vacuum system was closed and the
manifold backfilled with helium gas. The high-pressure pump was then switched on
until the manifold pressure reached about 400 MPa of helium, though it should be noted

that successful infiltration was seen to take place using pressures of only 200 MPa. This
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pressure was held for one hour, after which the heating was switched off and the cell
allowed to cool to 60 °C. After depressurization the infiltrated composite monolith could
then be retrieved by breaking the glass tube and carefully heating the indium slug until

molten with a fine tipped soldering iron.

Scanning Electron Microscopy

Infiltrated monoliths were freeze fractured using liquid nitrogen, and the
fractured cross section used for EDX characterization. Other pieces of the infiltrated
monoliths were polished with diamond lapping films and used for backscattered
electron imaging. Scanning electron micrographs and EDX measurements were taken
using a Zeiss Gemini 500 microscope. Backscattered electron images were taken at an
accelerating voltage of 1 keV, and EDX measurements taken at an accelerating voltage
of 12 keV. For elemental mapping and cross section line scan data, EDX measurements
were taken across the entirety of the image shown in Figure 5.3b with a pixel size of

100 by 100 nm. AZtec software from Oxford Instruments was used for the data analysis.

Vibrating Sample Magnetometry

VSM data were taken using the Quantum Design VSM add-on for the Physical
Property Measurement System (PPMS), equipped with a cryostat capable of accessing
temperatures from 1.8 K to 400 K, a 9 T superconducting magnet, and an EverCool 11
Helium Reliquefier. Polished mesoporous Indium/SiON composites were briefly etched
in 10% HCI to remove any bulk indium clinging to the surface. The polished and etched

monolith was mounted using Lakeshore cryogenic varnish on a quartz brace, which was
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then press-fit into a brass half-tube sample holder with the polished sample surface
normal to the magnetic field. For bulk comparison measurements, a small piece of
indium wire from the same source was cut with a razor, pressed with a digital
micrometer screw gauge to 100 pm thickness, and mounted similarly with the foil
perpendicular to the magnetic field. In both cases, the sample was cooled to 2.0 K under
zero applied field, then a small field of 2 mT was applied to locate the sample by
scanning the VSM transport through its range. For moment vs. temperature
measurements, the field was then ramped quickly to 8 mT and the sample warmed to 5
K at a rate of 0.25 K min™!. For moment vs field measurements, the sample was located
using the above procedure, then warmed to 5 K and zero-field-cooled to 2 K to erase
any magnetic history. The field was then ramped at 5 mT s! to 0.75 T, then back to -
0.75 T and then finally to O T For all measurements, magnetic moment is normalized to

the mass of indium metal present.

Four-point probe transport measurements

Data was obtained using the Quantum Design PPMS as described above. Etched
and freshly polished indium/SiON composites (different than those used for VSM
measurements) were mounted onto silicon carrier chips using small amounts of
Lakeshore cryogenic varnish. (100) silicon carrier chips with a 100 nm thermal oxide
layer were patterned with four gold contact pads, and 503 silver paint obtained from
Electron Microscopy Sciences was used to make four co-linear contacts with the
In/SiON composite and leads to the gold contact pads. The carrier chip containing the

sample was then mounted to the PPMS via wirebonding. In all measurements, a 100 pA
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bias current was applied between the outermost contacts for resistance measurement.
For resistance vs temperature measurements, the sample was cooled to 2K under zero
field, and the external field was quickly ramped to the respective value. The sample
temperature was then ramped to 6 K at a rate of 0.2 K min™!. For resistance vs field
measurements, the sample was cooled to the respective temperature under zero field.
The field was then ramped to 2 T at a rate of 5 mT s-!. For all measurements the average
of 10 measurements is reported, and the relative error at each point was measured as 3

orders of magnitude or lower than the reported resistance value.

Supplementary Information for Chapter 5

Supplementary Figures

Figure 5.51: X-ray diffraction (XRD) traces for indium metal (red trace) used in the infiltration
and indium metal/ceramic composite (blue trace) after infiltration. Bottom tick marks show
expected peak indices and positions (black) for pure indium metal. It should be noted that in the
case of both the bulk and mesostructured indium metal a high degree of sample texturing was

seen, resulting in the large differences in relative peak intensities.
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Figure 5.82: Background subtraction of full magnetization loops of double gyroidal
indium/SiON composites to isolate hysteretic component. a) Raw field dependent magnetization
of mesostructured indium at 2 K (blue trace), 2.5 K (magenta trace), and 4 K (black trace)
showing significant non-hysteretic background signal above the double gyroidal indium T. of =
3.67 K. b) Background subtracted data at 2, 2.5, and 4 K obtained via subtraction of the 4 K
trace multiplied by a temperature dependent fitting parameter. This prefactor was selected to
minimize the summed square value of non-hysteretic magnetic signal at very high fields (+1 T),
and was seen to vary linearly with temperature. c) Unsubtracted magnetization loop at 2 K
(blue trace) and representative components of background signal: paramagnetic signal (dashed
black trace), diamagnetic signal (dotted black trace), and combined background signal (solid
black trace). d) Background subtracted magnetization loop at 2 K, dotted lines added for visual

guidance.
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Figure 5.83: Magnetization measurements at low field for a 100 um bulk indium foil
(red), a double gyroidal indium sample measured less than 48 hours after infiltration
(blue), and the same double gyroidal indium sample measured after nine months of
storage at room temperature in open air (green). All measurements were performed at
2K after cooling under zero field. The green trace represents a subset of the data as
shown in the main text figure 5.4b. The very nearly overlapping traces from the ‘new’
as compared to ‘old’ material demonstrates a very high degree of stability and lack of

sensitivity to oxidation.
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Figure 5.84: Observed critical fields for double gyroidal indium during field dependent
magnetization at varying temperature as shown in Figure 5.52. a) Linear fit of the upper critical
field with respect to the square of the temperature, used to determine H.2(0) and T.. Black circles
denote observed upper critical field at respective temperature, taken to be the point at which
hysteresis disappeared in the raw data (Figure 5.52a) and the sample magnetic moment in both
the forward and reverse field scanning direction matched within an instrumental margin of
error. b) Superconducting phase diagram for double gyroidal indium showing critical field with
respect to temperature. Observed upper critical field again denoted by black circles, lower

critical field estimated using the calculated effective k shown as black crosses. Lines are of the
2
form H,(T) = H.,(0) - (1 — (T/T ) ) for guidance; ngH1(0) estimated as 0.82 T using the
c

relation Hyy = H,, /2?2 In(k).
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Figure 5.85: Visualization of confinement within the network struts of a core shell double
gyroid structure. a) A model volume used for Monte Carlo sampling of ballistic paths, spanning
three la3d unit cells in the x, y, and z dimensions. The volume shaded in green represents both
the left- and right-handed strut networks at a combined volume fraction of 0.288 of the unit cell
volume. Lines drawn within this green volume denote randomly sampled straight paths, drawn
in multiple colors for effect. Black outlines denote the boundaries of one cubic unit cell. b) A
larger depiction of a single la3d unit cell, with the strut network volume shaded green and
sampled paths drawn in as lines. Black borders again denote the edges of the unit cell. c) A
histogram showing the distribution of 4,446 randomly sampled paths within the volume shown

in b, with an average path length of 23 nm.

Supplementary Note 5.1: Approximation of Pressures Required for Metal Infiltration of
Mesoporous Templates

Equation (5.2), the Young-Laplace equation, gives the capillary pressure, AP,
induced by a liquid of surface tension y with a contact angle of 6 on a solid with pores
of diameter d. This rlation has been shown to be valid down to the nanoscale.’® The
surface tension of liquid indium has previously been reported as 573 mN/m, and the

contact angle of liquid indium on silicon oxynitride can be approximated as 125° from
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studies on materials with very similar composition and surface energies.’**° The pore
diameter of the SiON template used in this case was measured to be an average of 18
nm.

4y cos 0
i — (5.2)

From Equation (5.2), pressures upwards of 70 MPa are required to overcome
capillary pressure for infiltration in the double gyroidal ceramic template shown in this
work. Extrapolation of this relation for indium metal across common length scales of
bulk block-copolymer self-assembly derived structures shows that the range of
pressures is easily accessible using commercially available high-pressure systems: from

26 MPa for 50 nm diameter pores to 260 MPa for 5 nm pores.

Supplementary Note 5.2: Modelling of Ballistic Paths within a Double Gyroid Strut
Network

The double gyroid structure can be approximated by a level set function of the
form shown in Equation (5.3), where x, y, and z are spatial coordinates, a is the unit cell
length or the di0o, and t is a constant which determines the volume fractions of the spaces
divided by the level surface.®! The surfaces at 0 <|t|<1.413 define two interpenetrating
volumes which correspond to the left and right handed networks of the gyroid structure,

separated by a matrix phase of finite thickness for 0 <[t|.

. (2mx 2wy . (2my 2nz s 4 2mx
F(x,y,z) = sin (—) cos (—) + sin (—) cos (—) + sin (—) cos (—) =42 (5.3)
a a a a a a
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For the core-shell double gyroid structured ISA/PMVS composite films used in
this work, the volume fraction of the hydrophilic matrix phase (A-block and PMVYS)
can be calculated as 71.2 % by volume assuming a density of 1.18 g cm? for the
PDMAEMA block of the ISA terpolymer and 1.00 g cm3 for the PMVS.2* If the
composite structure is assumed to isotopically shrink during thermal processing without
a significant change in the volume fraction occupied by the A+PMVS phase to that
occupied by the SiON ceramic, the void fraction in the porous ceramic would be equal
to that of the combined isoprene (core) and styrene (shell) in the parent film, 28.8 % by
volume. If the two void networks are assumed to be completely filled by indium metal
upon infiltration, the volume occupied by the indium strut networks can be
approximated by the level set function in Equation (5.3) with t = 1.09. Through Monte
Carlo sampling of ‘starting’ coordinates as well as ballistic path directions within this
volume, the average ballistic path length can then be modeled.

In order to perform this modelling, the level set function is first evaluated with
unit cell length a equal to the digo of the ceramic and indium/SiON composite as
determined by SAXS, 73 nm (Figure 5.2). This evaluation is done on a three-
dimensional mesh of points equally spaced at 3.65 nm and spanning three unit cells in
the x, y, and z dimensions, with linear interpolation performed between these ‘vertex’
points to define ‘face’ which altogether comprise the level surface (Figure 5.S5a, green
shaded structure). After defining this surface, 4,446 points are randomly selected within
the ‘interior’ of the networks such that t = F(x,y,z) < £1.09. For every point selected

in this way, a random direction is defined. The distance from the point to the closest
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intersection of the level surface is then measured within 0.25 nm, traveling in a straight
line along the ‘forward’ direction randomly chosen as well as ‘backwards’ in the inverse
direction. The total path length is then recorded as the sum of both the ‘forward’ and
‘backward’ path length (Figure 5.S5a and b, multicolored lines). The relative frequency
of path lengths is displayed in the histogram in Figure 5.S5c, with a bin size of 4 nm.

The mean path length of all those samples was found to be 23 nm.

Supplemental experimental methods

X-ray Diffraction (XRD): XRD data was collected on a Bruker D8 General Area
Detector Diffraction System with a 1.6 kW Cu-Ka source and beam size of 0.5 mm.
2D diffraction images were collected at 15° intervals with a 5 minute exposure time at
each angle. 2D images were stitched together and integrated into one-dimensional traces
using Bruker Diffract Suite Software.

Vibrating Sample Magnetometry: Data was obtained using the VSM add-on for
the Quantum Design PPMS DynaCool System. Double gyroidal SION/In samples other
than those measured in Figure 5.3 were similarly etched, polished, and mounted with
varnish onto quartz braces. After cooling to 2K under zero field, samples were located
by scanning the VSM through its range in an external field of 2 mT. Samples were then
warmed to 10 K and cooled again to 2K under zero field. Sample temperature was then
set at the temperature as shown in Figure 5.S1, and the external field was scanned across
all four quadrants from 0 T,to 1 T, to O T, to -1 T, then back to 0 T. Field strength was

swept at a rate of 5 T s!, and the magnetic moment value was taken to be the average
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of 10 measurements at intervals of 25 mT. Magnetic moment measurements in all cases

are normalized to the mass of indium metal present.
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CHAPTER 6

CONCLUSION

In this dissertation several methods were presented for the synthesis of
mesoscale ordered superconducting materials using block copolymers (BCPs) as
structure directing agents: mesostructured NbCN thin films targeted toward device
integration, bulk hexagonally mesoporous NbCN materials derived from commercially
available Pluronics BCPs, and indium/SiON ceramic composites with cubic gyroidal
structure from high pressure infiltration. Each chapter described new structures,
properties or processing capabilities, made possible through the use of solution
processible self-assembling soft matter components, which are difficult or inaccessible
via traditional superconductor synthesis techniques usually involving ultrahigh vacuum.

After an introduction chapter summarizing the challenges addressed in this
thesis, the second chapter provided an overview of the emerging field of soft matter
enabled quantum materials. Examples were given of superconductors, topological
materials, and magnetic materials synthesized using self-assembling soft matter
components, and the properties or new capabilities arising in each case were discussed.
A few perspective vignettes were then given, speculating on how the field of soft matter
may impact future studies and syntheses of quantum materials by enabling new
technology or revealing new phenomena.

The third chapter described a route to patternable mesoporous thin film NbCN

superconductors by making use of a self-assembling triblock terpolymer to structure
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direct a niobium ethoxide based sol in a spin coating process. Multiple discrete
processing steps in ammonia and carburizing gas up to 1000 °C produced phase pure
rock-salt NbCN with a lattice parameter of 4.41 A and a mesostructure consistent with
a distorted cubic alternating gyroid of unit cell dimension of approximately 50 nm. The
final film had transport properties consistent with a highly granular superconductor with
a critical temperature of 12.8 K and upper critical field over 16 T. Critical temperature
and critical field were much improved in the porous gyroidal NbCN thin films as
compared to a similarly processed dense film. This suggested that the high surface area
and porosity aided in the conversion of the parent oxide or nitride at high temperatures
in reactive gas environments. The critical field of 16 T was also higher than that of bulk
NbCN materials synthesized by traditional techniques, which suggested that the
mesostructure plays a role in enhancing the critical field. As made polymer-niobia
composite thin films were patternable by standard photolithographic methods, which
showcased the amenability of this solution-based soft matter self-assembly directed
superconductor fabrication approach to planar processing.

In the fourth chapter, crystalline and hexagonally mesoporous NbCN
superconductors (CUS-86) were synthesized using commercially available block
copolymers of the Pluronics family. Through careful thermal processing employing
multiple reactive gas annealing steps, Pluronics templated amorphous parent oxides
were converted into phase pure rock salt NbCN materials with a lattice constant of 4.37
A, coherent scattering domain size of 4.4 nm, and retained hexagonal structure. Use of
varying Pluronics templating agents or pore swelling hydrophobic small molecules and

homopolymers tuned the final material pore size between 5.3 and 7.8 nm. Using
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magnetization and transport measurements, CUS-86 materials were characterized as
highly granular type II superconductors with a critical temperature of up to = 8 K and
upper critical field of = 5 T.

In the fifth chapter, using high pressure infiltration of molten indium into BCP
derived ceramic templates, indium metal superconductors were created with cubic
double gyroidal network structure. The double gyroid structure of the parent
mesoporous ceramic was retained through the infiltration process, as was the unit cell
size of 73 nm. Homogenous infiltration throughout the interior of 60 micron thick
monoliths was demonstrated, with the exception of some unfilled voids seen at
mesoscopic grain boundaries of the gyroid structure. In comparison with bulk indium
metal, the mesostructured gyroidal indium had a broadened and enhanced
superconducting transition temperature, with an onset of 3.7 K. This behavior could be
rationalized by the contribution of increased surface area to stronger phonon coupling.
Furthermore, the gyroidal indium behaved as a type Il superconductor, with evidence
of magnetic hysteresis and an upper critical field of 0.63 T due to the introduction of
hard vortex pinning centers. This was conjectured to be an effect of the change in
coherence length due to the BCP induced metal nanoconfinement, calculated to be 20
nm in the gyroidal indium as compared to 360 nm in bulk indium metal. This value of
coherence length was notably on the order of the gyroid strut size. This suggested that
the BCP induced mesostructure substantially changed fundamental quantum level
materials properties which in turn dictated macroscopic superconductor behavior.

Looking toward future efforts in the area of BCP derived mesostructured

superconductors, one can envision several directions for research which capitalize on
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and extend the work presented in this thesis. The preceding chapters represent the
foundational synthetic practices and tools necessary to establish scalable solution-based
processing methods, create real devices, and investigate the fundamental effects of BCP
mesostructure on superconductivity. The work which follows may use these tools to
reach further from the field of soft matter into that of quantum materials to achieve
greater sophistication in fabrication, analysis, and fundamental understanding.

In the area of thin films, the work presented in chapter three now enables the
creation of test devices and architectures which are easily integrated into highly
developed planar fabrication and analysis methods. In the work described in chapter
three this allowed for much more precise transport measurements than has been possible
for past studies of bulk materials, and resulted in the important new insight that BCP
templated NbCN materials are highly granular superconductors. Further design of test
architectures, made possible through lithographic means such as those demonstrated,
and interrogation of transport properties should provide additional insights and enable
targeting of device applications. It is expected that the characterization of mesoporous
NbCN thin films as Josephson junction arrays will be of particular interest, as this may
have relevance in quantum sensing and quantum computing applications.

From the work using Pluronics, it is anticipated that future investigations will be
inspired by the wealth of existing studies using this class of commercial BCPs, and their
derived mesoporous materials, to discover new processing methods and capabilities for
BCP-derived superconductors. As one example, Pluronics BCPs have previously been
used for the development of inks in 3D printing of polymeric, inorganic, and composite

materials. With the work described in chapter four presenting a viable route to convert
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Pluronics based printed parts into mesoporous superconductors, there is now a clear
pathway for the development of 3D printable superconductors with both controlled
mesoporosity and macroscopic shapes. In another example more targeted towards
fundamental science, ordered mesoporous NbCN superconductors made using
Pluronics might now be studied as hosts for molecular guest species, as has been
demonstrated in numerous mesoporous materials derived from this class of ABA
diblock copolymers. Having established routes to a new superconducting class of
Pluronics derived nitrides, one may expect that studies of host-guest interactions below
the superconducting transition of the mesoporous host may find new phenomena
resulting from the interaction of magnetic vortices or surface plasmons with such guest
molecules.

Lastly, one may expect that the method developed in chapter five will become
crucial for elucidating the specific effects of 3D mesoscale architectures on
superconductor behavior. The chemical simplicity of this mesostructured
superconductor formation platform based on pure metal differentiates it from work in
other chapters using NbN or NbCN, allowing for the decoupling of materials
mesostructure formation and chemistry. Furthermore, the described high-pressure
infiltration method is compatible with recently developed routes to ceramic templates
which are macroscopic single crystals of the double gyroid. This will allow for the
synthesis of single crystal gyroid indium superconductors with known crystal
orientation relative to external coordinate systems. In turn, this will enable the
investigation of phenomena associated with the mesoscale gyroid lattice without the

confounding effects of grain boundaries and polycrystallinity. In particular, it is
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expected that magnetic small-angle neutron scattering performed on such indium
infiltrated gyroidal single crystals will become a critical tool to elucidate the effects of
mesoscopic structural lattices, e.g., on the structure and dynamics of the expected
magnetic flux lattices in the mixed state of the investigated superconductors.

Further questions could be inspired by the work presented in this thesis, the
investigation into which will require the development of new materials and methods in
addition to extending those accomplished here. Some of these questions are targeted
toward ‘known’ areas, where there can be some reasonable suspicion that fertile
intellectual ground awaits; others may be venturing into more unknown waters. In the
former category, it is apparent that materials properties are dictated by structure across
multiple length scales: atomic crystallinity and granularity, mesoscopic symmetry and
grain size/structure, and macroscopic shape or form factor. Our ability to reliably control
materials structure at these length scales during synthesis will thus directly enable new
structure-property studies and greatly aid in the understanding of soft matter derived
quantum materials.

Increased control over atomic grain size and texture of BCP templated
crystalline materials would aid many important investigations, including those into BCP
derived mesostructured superconductors. As an example, the gyroidal indium presented
in chapter 5 was found to be polycrystalline at the atomic level. However, through
modification of infiltration procedure or use of annealing methods, it may be possible
to obtain single crystal indium domains of macroscopic dimension (i.e., on the order of
the monolithic gyroidal ceramic template in size). This would allow for more

sophisticated magnetic and electronic measurements of superconducting gyroidal
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indium in which an external field or current is applied along a specific axis relative to
the indium crystal lattice. Further, if such annealing could be done in conjunction with
the use of single crystal gyroidal ceramic templates discussed earlier, the result would
be a “single crystal of a single crystal.” Such simultaneous control of both atomic and
mesoscopic order over macroscopic lengths would achieve a long-sought goal of BCP
templating, and for the first time allow one to fully decouple the effects of atomic and
mesoscopic structure on BCP derived superconducting materials.

Along this line, another area which might be further explored itself is that of
BCP ordering over macroscopic dimensions towards bulk, mesoscale single crystals.
Here two questions are posed: can we determine how such single crystal structures are
formed, and can we control this process to tailor the alignment, size, and/or shape of
BCP derived mesoscale single crystals? Previous work found that, through a particular
method involving solvent recirculation in an evaporating film, large (centimeter sized)
single crystals of the double gyroid structure could be obtained. It was considered that
the action of the orthogonal forces of solvent evaporative flux and fluid flow from
recirculation contributed to the growth and alignment of these gyroidal single crystals.
Further investigation into the mechanism by which these mesoscale single crystals are
formed could bear valuable fruit: contributing to the fundamental understanding of self-
assembly and alignment processes in BCPs, especially with cubic structures, and
increasing the level of control which is possible in the synthesis of mesoscale bulk single
crystals.

This investigation could proceed by a few different methods. In the first, tracer

particles might be used in the initial BCP solution as a tool for envisioning fluid flow.
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Fluorescently or otherwise labelled particles, which may or may not energetically prefer
to reside in one BCP domain, of a known size and transport characteristics would be
added to the initial solution. During the evaporation/recirculation process the effect of
fluid flow on the distribution of these tracer particles would then allow for a rough
determination of spatially and temporally dependent fluid flow profiles in the system
over the course of evaporation. Such information could then be used in conjunction with
simulations to determine critical values of evaporation rate, fluid velocity, recirculation
rate, temperature, etc. which are required for the achievement of large single crystal
regions.

Resulting insights could then be fed into another experimental thrust aimed at
more rigorous control over single crystal growth. In initial work, recirculation of solvent
in an evaporating BCP solution was affected through the placement of a concave glass
watch glass over a Teflon evaporation dish. This rudimentary process serendipitously
resulted in record-sized single crystals of the gyroid structure, but left much to be
desired in the way of adjustable process parameters. Replicating this environment in a
more controllable experimental apparatus could allow one to “turn more knobs,”
adjusting parameters such as the evaporation rate (e.g., through control over vapor phase
solvent concentration), solvent recirculation rate, or temperature. Using insight gained
from tracer particle experiments and simulations, macroscopic single crystals of BCP
structures might then be produced under known conditions. This control could then be
leveraged into a better fundamental understanding of single crystal growth, and
extended to create single crystals of larger dimensions or in alternative shapes and

geometries. Such an achievement would have important implications not only to the
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work in BCP derived superconductors (vide supra), but to the entire field of BCP and
soft matter self-assembly which has continually sought methods for controlling and
improving long range order in self-assembled materials.

One such area in which much progress has been made improving long range
order of BCP structures is in thin films. However, the capabilities developed for the
ordering of BCP films or polymer/organic hybrids has not been fully realized in the
synthesis of BCP derived superconductor films. In the mesoporous NbCN thin films
described in chapter 3 it was shown that the rapid evaporation of solvent during the spin
coating process, without any additional annealing, led to poor long-range order of the
self-assembled structure and deformation of the thermodynamically preferred cubic
morphology. While in some cases this deformation can lead to fortuitous symmetry
breaking, the application of post-processing might be used to improve order and recover
cubic gyroidal symmetry in final superconducting films. At this point the exact effects
this achievement would bring is not entirely clear, but previous work has shown that
mesoscale connectivity and symmetry can have implications for superconducting
properties and other electronic, photonic, or phononic phenomena.

Beyond further structural control of established materials such as the
SiON/indium composites and NbCN presented in this thesis, expansion into other types
of materials could lead to much interesting new phenomena. Though limited to
relatively low temperatures by the experimental apparatus, the high pressure melt
infiltration method described in chapter 5 could be generalized to many other metals or
alloys. This could lead to the achievement of bulk monoliths of gyroidally structured

metals such as silver, aluminum, or gold, which have previously been considered of
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interest for emergent photonic or plasmonic effects. Further, the BCP derived
mesoporous template used for the infiltration need not be an amorphous SiON ceramic,
but likely could be any one of the many silicates, metal oxides, metal nitrides, metals,
etc. which have been successfully mesostructured using BCP self-assembly. Combining
this freedom of materials choice in the mesoporous template and the infiltrated metal,
one could envision a wealth of possible composites of dielectric, metallic,
semiconducting, and superconducting materials. There is good reason to believe that
emergent effects could be achieved through judicious materials choice in a
mesostructured nanocomposite, as there are many documented effects of proximity and
interfaces in superconductors and beyond. With the manyfold increase in surface or
interfacial area as compared to, e.g., epitaxially grown thin films, BCP derived quantum
materials might even display such emergent effects in an enhanced or altered way.
Lastly, on the subject of expanding into new types of materials, it should be
noted that while this thesis focused entirely on superconducting quantum materials,
there is defined interested in using BCP self-assembly in the synthesis of other types of
quantum matter. As described in chapter 2, there are a multitude of opportunities for
soft matter to have impact in topological and magnetic materials. While progress has
been made, the establishment of a BCP derived quantum material (e.g., a mesostructured
topological insulator or spin ice, etc.) has yet to be achieved in either area. However,
combining the methods developed in this thesis with new materials synthesis routes may
provide a few viable paths. As one example: if a ferromagnetic material such as cobalt-
iron oxide can be structured directed by BCPs into a mesoporous template, then

backfilled with a ferroelectric polymer such as PVDF using high pressure melt
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infiltration, the resulting material should behave as a multiferroic. With the additional
complexity of mesoscopic structure and interpenetration in the composite, novel
properties not seen in bulk or thin film analogs might well be found. Similar schemes
can be developed based upon work described in other chapters of this thesis: pluronics
based routes to topological insulators in which processing is informed by the work
achieving high quality NbCN, thin film magnetic materials with artificially defined spin
textures synthesized and processed into test architectures such as was done with NbCN
thin films, and further.

Thus, it is apparent that many open questions and unexplored paths remain for
the emerging field of BCP derived superconductors and other quantum materials. The
work presented in this thesis has answered a few questions, but even more so has
highlighted the areas into which further investigation might be usefully directed. Using
the tools provided in previous chapters, and informed by the (recently accelerated)
progress in quantum materials science, future work into soft matter enabled quantum
materials can now begin to fulfil the promise of discovering new properties, emergent

phenomena, and increased processing capabilities.
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