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Abstract

Advances in crystal handling techniques specialized to van der Waals (vdW) materials – crystals with

only weak vdW bonds between strongly bonded crystal planes – have brought about a new generation of

deviceswith emergent properties in atomically thin layers and interfaces, which do not appear in their bulk

counterpart. ManyvdWmaterials, such as the cuprate high temperature superconductorBi2Sr2CaCu2O8+x

(BSCCO), spontaneously react with air and thermally decompose even at room temperature, rendering

the powerful arsenal of vdW crystal handling techniques inapplicable. In this Dissertation, we develop a

versatile suite of novel vdW fabrication techniques so that we can handle chemically sensitive vdW crystals

like any other. We first demonstrate that the vdWheterointerface between graphene and hexagonal boron

nitride can be electrochemically intercalated with lithium in a controlled way, like the interface between

graphene crystals. Next, we use a scanning nano X-ray diffraction probe to visualize the crystal structure

of an exfoliated BSCCO crystal 2 unit cells thick with 100 nm spatial resolution. We find that while the

exfoliated and bulk crystals have the same incommensurate lattice modulations (ILM), the ILM spatial

distribution is different in the exfoliated crystal, where it is correlated with the local strain. Next, we create

BSCCOHall bar devices down to 2 unit cells, where we observe Hall sign reversal both above and below

the superconducting transition temperature. As the samples become thinner, the region over which the

Hall resistance reverses sign enlarges due to enhanced superconducting fluctuations in the atomically thin

samples as well as a decrease of carrier mobility. We obtain quantitative agreement between theory and

experiment, which establishes excess charges at the core of superconducting vortices as the origin of Hall

sign reversal below TC. Finally, we engineer twist Josephson junctions between BSCCO crystals, with

quality approaching that of intrinsic Josephson junctions in single crystals. Our angle-dependent critical

current clearly reflects the expected d-wave symmetry of the order parameter. At 45◦ twist angle, we ob-

serve fractional Shapiro steps which indicate the presence of a second harmonic in the Josephson junction

current-phase relation, originating from co-tunneling of Cooper pairs at the twist junction. Such a pro-

cess is expected to support an emergent interfacial topological superconducting phase, persisting to the

superconducting transition temperature of the cuprate crystal.

iii



Contents

1 Van derWaals Heterostructures as a Platform forNovel Physics 1

1.1 Van der Waals Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Van der Waals Heterostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Air-Sensitive van der Waals Heterostructures . . . . . . . . . . . . . . . . . . . . . . . 6

2 A Theoretical Overview of Superconductivity 8

2.1 Superconductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 BCS Theory and the Superconducting Gap . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Pairing Symmetry and the Cuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Josephson Junctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.5 Ginzburg-Landau Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.6 Type I and II Superconductors and Vortices . . . . . . . . . . . . . . . . . . . . . . . 27

3 High Transition Temperature Copper-Oxide Superconductors 32

3.1 Basic Structure of Cuprate Superconductors . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Cuprate Electronic Phase Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 Superconductivity in Copper-Oxide Monolayers . . . . . . . . . . . . . . . . . . . . 42

4 Air-Free and Cryogenic Fabrication Techniques 44

4.1 Nanofabrication on van der Waals Heterostructures . . . . . . . . . . . . . . . . . . . 45

4.2 High Gas Purity in a Glovebox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.3 Glovebox Instruments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

iv



4.4 PDMS Cryogenic Pickup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.5 Stencil Mask . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.6 Stencil Mask for Etching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.7 Device Packaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.8 Monolayer BSCCO in van der Waals Heterostructures . . . . . . . . . . . . . . . . . . 60

5 ControlledElectrochemical IntercalationofGraphene/h-BNvander

Waals Heterostructures 64

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2 In-Situ Electrical Control of Electrochemical Intercalation . . . . . . . . . . . . . . . 69

5.3 Raman Signatures of Electrochemical Intercalation . . . . . . . . . . . . . . . . . . . 73

5.4 Electrical Properties of the Lithiated Graphene/h-BNHeterostructure . . . . . . . . . 75

5.5 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6 SpatiallyCorrelatedIncommensurateLatticeModulations inanAtom-

ically Thin BSCCO Superconductor 80

6.1 Imaging the Incommensurate Lattice Modulations in a Bulk Single Crystal . . . . . . . 82

6.2 Imaging Incommensurate Lattice Modulations in a 2 Unit Cell Crystal . . . . . . . . . 90

6.3 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

7 Sign Reversing Hall Effect in Atomically Thin High Temperature Su-

perconductors 98

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

7.2 Resistance and the Superconducting Transition Temperature . . . . . . . . . . . . . . 101

7.3 Hall Sign Reversal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

7.4 Hall Sign Reversal Above TC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.5 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

v



8 EmergentInterfacialSuperconductivitybetweenTwistedCuprateSu-

perconductors 110

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

8.2 Twist Josephson Junctions with Single-Crystal Intrinsic Junction Quality . . . . . . . . 112

8.3 Evidence of d-Wave Pairing Symmetry . . . . . . . . . . . . . . . . . . . . . . . . . . 115

8.4 Cooper Pair Co-Tunneling at the 0-π Transition . . . . . . . . . . . . . . . . . . . . . 118

A Details for Sign Reversing Hall Effect in Atomically Thin High Tem-

perature Superconductors 123

A.1 Superconducting fluctuations in longitudinal resistanceRxx(T) . . . . . . . . . . . . . 123

A.2 Hall sign reversal phase diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

A.3 Normal State Hall Conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

A.4 Hall Effect in the Superconducting Fluctuations Regime . . . . . . . . . . . . . . . . 128

A.5 MagnetoresistanceRxx(B) below TC. Vortex confinement . . . . . . . . . . . . . . . . 130

B DetailsforEmergent InterfacialSuperconductivitybetweenTwisted

Cuprate Superconductors 132

B.1 Sample FabricationMethod . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

B.2 Measurement Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

B.3 List of Devices for Angle-Dependent ICRN Analysis . . . . . . . . . . . . . . . . . . . 135

B.4 dV/dI Data for All Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

B.5 Voltage Jump at the Critical Current . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

B.6 Anomalous temperature dependence of Critical Current . . . . . . . . . . . . . . . . 137

B.7 Shapiro Step Frequency Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

B.8 Josephson Length Estimate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

References 165

vi



Contributing Authors

S.Y.F.Z. is grateful for the contributions by the following colleagues and friends, without whom none of this would

have been possible.

The following authors contributed to Chapter 4:

Nicola Poccia, Margaret G. Panetta, Cyndia Yu, JedediahW. Johnson, Christa Harper, Hyobin Yoo, and Philip

Kim.

Chapter 5 is adapted from the following publication:

S.Y. Frank Zhao, Giselle A. Elbaz, D.KwabenaBediako, Cyndia Yu,Dmitri K. Efetov, YinshengGuo, Jayakanth

Ravichandran, Kyung-AhMin, SuklyunHong, Takashi Taniguchi, KenjiWatanabe, Louis E. Brus, Xavier Roy,

and Philip Kim. Controlled Electrochemical Intercalation of Graphene/h-BN van der Waals Heterostructures,

Nano Letters 18, 460-466 (2018)

Chapter 6 is adapted from the following publication:

Nicola Poccia, S.Y. Frank Zhao, Hyobin Yoo, Xiaojing Huang, Hanfei Yan, Yong S. Chu, Ruidan Zhong,

Genda Gu, Claudio Mazzoli, Kenji Watanabe, Takashi Taniguchi, Gaetano Campi, Valerii M. Vinokur, and

Philip Kim. Spatially correlated incommensurate lattice modulations in an atomically thin high-temperature

Bi2.1Sr1.9CaCu2.0O8+y superconductor. Phys. Rev. Materials, 4, 114007 (2020).

Chapter 7 is adapted from the following publication:

S. Y. Frank Zhao, Nicola Poccia, Margaret G. Panetta, Cyndia Yu, JedediahW. Johnson, Hyobin Yoo, Ruidan

Zhong, G. D. Gu, Kenji Watanabe, Takashi Taniguchi, Svetlana V. Postolova, Valerii M. Vinokur, and Philip

Kim. Sign-Reversing Hall Effect in Atomically ThinHigh-Temperature Bi2.1Sr1.9CaCu2.0O8+δ Superconductors.

Phys. Rev. Lett. 122, 247001 (2019).

The following authors contributed to Chapter 8:

Nicola Poccia, Xiaomeng Cui, Pavel A. Volkov, Hyobin Yoo, Rebecca Engelke, Yuval Ronen, Ruidan Zhong,

Genda Gu, Stephan Plugge, Tarun Tummuru, Marcel Franz, Jedediah H. Pixley, and Philip Kim.

vii



ToMiranda, and all the children of the world,

Whowill one day become giants,

Uponwhose shoulders future generations may stand.

viii



Acknowledgments

It has been a tremendous privilege to observe, as an insider, the growth of our scientific knowl-
edge. Around my first year of high school, graphene had been isolated for the first time. In my
last, the topological insulator was discovered. In the first weeks of my freshman undergraduate
year, the Large Hadron Collider was turned on. Shortly after I graduated, the Higgs boson had
been announced. From there, the discoveries came in ever more quickly. I remember asking,
when I visited Columbia during open house week, what is left to do now that most of the basic
properties of graphene is already known? Boy, that was naive!

It is also a great privilege to have the chance to personally contribute, though in an insignificant
way, to the scientific enterprise. It is said that the advances of a single Ph.D. project represents
a tiny slice of human knowledge, too small to see in the grand picture. But speaking personally,
it took all of the admittedly little strength and intelligence that I could muster, along with the
enormous encouragement, help and guidance of those friends, family, colleagues and teachers
who have helped me navigate my life.

There is absolutely no doubt that progresswould not have been possiblewithout the foresight,
guidance, and encouragement of Philip Kim. He always encouraged me to do something a little
differently. When things inevitably didn’t work, he has the confidence to believe in me when
I didn’t believe in myself. And when I thought I had made a great discovery, he would insist,
correctly, that I check and check again. At which point the ”great discovery” often turns out to
be some mistake. Yet even then, or perhaps especially then, Philip never lost confidence in me or
my results. He allowed me the freedom to explore the field as if I was already an accomplished
scientist, yet pointed the way to the real problems when I was lost. He taught me that it is not
enough to simply do the experiments that others could do - one must strive to do the things that

ix



might never be doable. For this, and more, I am eternally grateful.
I have also had thewonderful opportunity to bementored byKenBurch inmy undergraduate

years. He was the one who steered me to experimental condensed matter physics, and transport
in mesoscopic devices in particular. His infinite ideas, boundless energy and many useful tricks
continues to inspire my work today.

In addition, my work today is really the product of many teachers throughout my education.
In particular, Zhao, Zhiheng introduced me to astronomy and taught me at a very young age
about the Hertzsprung-Russell diagram (among many other things), with which the chaos of
seemingly random celestial points of light is brought to order. He kindled that fire of curiosity,
which was again fed by George Dimou and John Ambrosio. Henri van Bemmel taught me the
value of hard work, and was the first to show me how to run a good experiment. To them, and
so many other exceptional teachers who have shaped me into the person that I am today, I am
indebted.

I have also learned how to be a scientist from the very talented and thoughtful groupmembers
that I had the privilege to work with. Nicola Poccia brought light and excitement to the gravest
of moments, and showedme that a great scientist is not only those who are the most imaginative
or knowledgeable, but are also those who knows the most imaginative and knowledgeable sci-
entists. It was also an exceptional opportunity to work with the chemist and physicist Kwabena
Bediako, who showedme that physics and chemistry are simply a continuation of the other, and
a condensedmatter physicist ought to be fluent in both. His example inspiredme to study single-
crystal synthesis for my post-doctoral research in Prof. Joe Checkelsky’s group at MIT. Hyobin
Yoo showed me the value of visualizing atomic lattices, and whose atomic resolution TEM pic-
tures continues to guide my thinking. I hope to emulate the example of Yuval Ronen, Gil-Ho
Lee and Ke Wang, who showed me how much could be accomplished in a few short years, and
whose leadership continues to inspire. Wei Tsen and Jayakanth Ravichandran encouragedme to
look for new frontiers by studying newmaterials using new techniques, which was the main line
of thinking that led to this dissertation. I also thank Mehdi Rezaee not only for his deep friend-
ship but also the crazy idea to connect the glovebox to liquid nitrogen cooling, a trick which is at
the root of many successes. I’m grateful to Dmitri Efetov who showed me the ropes. And Alex

x



Cui, in whose capable hands this project now rests. I am also thankful to Giselle Elbaz, Hiroshi
Idzuchi, Luis Jauregui, Laurel Anderson, Rebecca Engelke, Onder Gul, Zeyu Hao, Joon Young
Park, ArtemTalanov, JonahWaissman, ThomasWerkmeister, Zhongying Yan, AndrewZimmer-
man, Si YoungLee, TamarMentzel, J.-D. Pillet, Young Jae Shin, and all themembers of the Philip
Kim group for their friendship, support, and the wonderful and stimulating environment that
they have created.

I have also had the distinct privilege of mentoring four extremely talented, hardworking and
intelligentundergraduates,CyndiaYu,MargaretPanetta, Jedediah Johnson, andChristaHarper.
Each of them have brought their great enthusiasm into their work, and each reminded me of my
own reasons for entering physics. I am also very happy that Cyndia andMargaret had chosen to
continue their careers in physics in graduate school at Stanford and Chicago respectively. I have
no doubt that we will hear of great achievements from them.

Progress in research often comes only aftermany setbacks, and it is impossiblewithout the sup-
port of my friends, many of whom Imade along the way. Tomy friends fromColumbia, among
them Sky Cheung, Drew Edelberg, Felix Clark, Amy Jahnke, Laura Havener, Matt Anthony,
Russell Smith, Marisa Baglaneas, Zach Greene, Rex Brown, Xiaoxiao Zhang, Ryne Carbone,
Zizhou Gong and Yun Tian, and with apologies to those who I didn’t have the chance to name,
thank you for your warm welcome, and thank you for a wonderful and memorable two years in
New York.

Then, as our groupmoved over toCambridgewithXiaomeng Liu andAustinCheng, we have
had the good luck of setting up the lab together and sharing in some very interesting experiences.
Iwill always remember themanybike rideswithAustin, all theway toProvidence (but thankfully
not all the way back), and who could forget the toast he gave at our wedding! And I will always
be inspired by Xiaomeng and his love of creating things. At the same time, we have met many
friends in our new group. I will always remember the many trips that we went on with Katie
Huang, Jing Shi, Gil-Ho Lee, Hyobin Yoo, Andy Joe and many others. Sometimes it was to see
the sunrise over the Atlantic. At other times it was to help with Austin and Katie’s engagement
ceremony amid New York’s splendor. Or the trip to Japan with Jesse Crossno when he shared
his vision for a more energy efficient future while we fed the wandering deer of Nara. Or it was

xi



the long drive (and back) with Andy to Cornell to attend Clair Han and ShuWang’s wedding.
By chance, I also found some old high school friends - Clair Han andTarjinder Singh - right in

Cambridge. Tarjinder could always be relied on for his bright outlook, whose rays of optimism
penetrated the thickest fog of despair. Clair and Shu are always a lot of fun to be around, and
their advice and insight is a beacon of wisdom. And then there is Alex Piggott, whose exploits
inspires me to always do better. And I couldn’t have done it without friends from far away - Tim
Adams, Alvin Yang, Sorin Mitrea, Kunal Tiwari, Dina Mistry, Dalini Maharaj, Ryan McGinn,
John Hartley, and the rest of the U of T gang, who I know are all pulling for me.

Scientific progress is notmerely thework of scientists. Behind every discovery are loving family
members whose contributions are no less important than that of the researcher, yet whose essen-
tial work are all too often forgotten. I will always treasure the memory of my father, Zhao, Qi,
who among somany other things broughtme to his lab so that I can see cells withmy own eyes. I
still remember the time when he talked about the electronmicroscope, of both the scanning and
transmission variety, though regrettably I still have not learned how to use the latter. And then
there is my mother, Ding, Yaoyu, who had the foresight to send me to astronomy class when I
was four years old. And then, when we immigrated to Canada, she showed me what it meant to
work long and hard, but she also taught me the importance of occasionally doing nothing. At
the moment when everything appeared to fall apart, her strength and resolve to succeed kept us
going. I hope to be able to emulate her strength, and I could not have done anything without her
support and example.

Finally, I am grateful to my wife Yang Song, whose approving smile brightens my life. I am
grateful for the many good moments that we had together, but I am even more thankful for the
moments when she stuck by my side when things weren’t going our way. Like the time when we
canoed 14 km together in a thunderstorm in the middle of New Hampshire, dripping water as
we went. Or all the times I came home late to work on experiments. Each ofmy success has really
been Yang’s, for it is her encouragement, patience and inspiration that kept me going. We have
built so much together, and I hope we will have the time together to build so much more, with
our daughter Miranda. The future stretches before us like an empty canvas, for us to paint with
the hues of our lives. Let us advance, and find the most vibrant colors.

xii



More is different.

Philip W. Anderson

1
Van der Waals Heterostructures

as a Platform for Novel Physics

It is sometimes thought that systems of enormous complexity may be reduced to the be-

havior of its individual constituent members. By understanding everything about the electron,

we may predict the electronic properties of any material. While philosophically this view may

yet prove to be correct, today it is of limited practical utility. Three objects moving under the

force of their mutual gravity challenged the mathematical abilities of the best humanminds, just

as the calculation of an exact quantum description of even tens of mutually interacting particles

challenge the best supercomputers today1.

On the other hand, systems composed of large numbers of strongly interacting individual par-
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ticles often behave in surprising ways. For instance, electrons moving in a periodic crystalline

potential created by a large lattice of ions can be magnetically deflected in the opposite direction

as its negative electrical charge would normally suggest. Upon cooling, the same electrons may

suddenly flow without dissipation2. As Philip Anderson once pointed out, the behavior of the

whole is often different than that of the parts.

Indeed, materials present an interesting playground to explore such emergent behavior. With

typical separation between atoms on order of Angstroms (10−10 m)2, a crystal one atomic layer

thick cut to 10× 10 µm2 – about half the diameter of the thinnest human hair – already contains

about 109 atoms. With 94 naturally occurring elements each with unique chemical characteris-

tics, a nearly inexhaustible list of materials may be synthesized, limited only by our imagination

and ingenuity.

1.1 Van derWaalsMaterials

VanderWaals (vdW), or two-dimensional (2D)materials are crystalswhose constituent atoms are

strongly bonded in a 2D plane, but with planes attached to one another only through weak van

derWaals forces3,4. The strong anisotropy between the in-plane and out-of-plane bond strength

allows remarkably large, but atomically thin, crystals to be mechanically cleaved from a bulk sin-

gle crystal5,6. The resulting surfaces are free of dangling chemical bonds, eliminating sites for

impurities and charge traps7. These two remarkable properties give vdW materials enormous

versatility.

Surprising physical properties emerge on two different levels in vdW systems: within one

vdW material itself, and in its interactions with others. First, the library of vdW crystals spans

the spectrum of material classes3,4,8,9. First and most important is semimetallic graphene, com-

posed of a single layer of carbon atoms arranged in a honeycomb lattice5,10,11. When the car-

bon atoms are replaced with boron and nitrogen atoms at the two honeycomb sublattice sites

2
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Figure 1.1: Van der Waals crystals spans almost every electronic category: from insulators to superconductors,
where the physics can be well understood in single-electron band theory, as well as in materials where electron-
electron interactions dominate.

respectively, the resulting hexagonal boron nitride (h-BN) crystal forms a wide-bandgap insula-

tor whose surface can be made atomically clean12. MoS2 is a vdW semiconductor whose band-

gap becomes direct exactly when it is a single layer in thickness13, and NbSe2 is a supercon-

ductor even at the monolayer limit14,15,16. The 2D ferromagnets such as CrI3 retains ferromag-

netism even when thinned down to a single unit cell17,18,19,8. More exotic still are the proximate

quantum spin liquid RuCl3 20,21 and topological insulator Bi2Se3 22,23 and its magnetic analog

MnBi2Te4 24. Finally, even the high temperature superconductors are represented, in both the

cuprate (Bi2Sr2CaCu2O8+x) (BSCCO)25,26,27 and iron pnictide (FeSe) families28,29.

1.2 Van derWaals Heterostructures

Compared to their bulk counterparts, atomically thin vdW crystals are extraordinarily sensitive

to the local electromagnetic and chemical environment5,25,30,31. For example, the carrier density

of vdW monolayers can be electrostatically tuned5 by about 1013 cm−2. Further, these charge
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carriers also interact with the charges carriers and lattices of neighboring vdW crystals placed

nearby12,32. This opens a second route to emergent properties, where stacks of vdW materials

may be engineered to spectacular effect33,34,35,36. For example, simply by stacking two graphene

crystals on top of each other at small twist angles, both lattices distort themselves into triangu-

lar structural domains35, and at just the right angle, superconductivity emerges near a correlated

insulator state36.
a b

Figure 1.2: Van der Waals heterostructures are made from the top down by cleaving a bulk crystal into an atomi-
cally thin layer, and then a. using a pick-upmethod to re-assemble it into a heterostructure. b. Epitaxial film growth
techniques such asMBE grows crystal layers directly onto a substrate. Layer composition is controlled by restricting
the chemical species available at each step.

A formidable arsenal of tools has been developed to manipulate vdW crystals. An array of

nanolithography techniques borrowed from semiconductor device manufacturing allows for al-

most arbitrary control over the in-plane geometry of devices37. Control over vertical stacking

relies on the dry pick-up technique, which allows vdW crystals to be selectively stacked into het-

erostructures composed of vdW planes of almost any type38,39, arranged in almost any order40,

placed on almost any substrate41, and twisted to any relative lattice orientation36. Remarkably,

when stacked with the utmost care, the resulting interfaces are atomically clean without intrud-

ing impurities, even at the atomic level32. Well constructed vdW heterostructures may thus be

regarded as artificial materials, whose layer structures can be tuned with atomic precision, and

whose physical properties are determined by the interactions among the constituents of the en-

tire structure, rather than individual vdW layers.

High quality heterostructures with atomically engineered layers can also be made in many
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other ways, each with its own advantages. First, single crystals naturally grow in well-ordered

atomic lattices, and in crystals such as BSCCO42, SmOFeAs43,44 and Ba6Nb11S28 45, the crystal is

arranged into two-dimensional layers, each taking on different electronic roles as in a heterostruc-

ture. For example, in BSCCO, the electronically conductive CuO2 layers host the mobile su-

perconducting charge carriers, while BiO, SrO and Ca layers structurally stabilizes the crystal,

and hosts interstitial oxygen dopants which provides the pool of free carriers (holes) needed for

superconductivity. However, the structure of such materials are fixed by the chemistry of the

constituent elements, and while these structures may be tuned, especially through doping and

elemental substitution46, it is difficult to arbitrarily change the stacking structure beyond the

crystal structures that naturally grow from a set of starting precursors.

Atomic layer-by-layer epitaxial film growth techniques, such as pulse laser deposition (PLD)

or molecular-beam epitaxy (MBE)47, is a powerful platform for chemically synthesizing artificial

heterostructures of many material classes, with excellent crystallinity and perfect interfaces be-

tween layers48 over macroscopic (≫millimeter) scales49,50. By introducing chemical precursors

for individual layers, complex heterostructures may be controllably made. For example, two-

dimensional electron gases are realized in MBE grown, modulation doped GaAs heterostruc-

tures, whose electronic mobility surpasses that of the best vdW graphene heterostructures48.

Interfacial superconductivity in MBE-grown monolayer FeSe on a strontium titanate substrate

reaches a superconducting transition temperature ten times higher than bulk FeSe51,52,53. Super-

lattices of (LuFeO3)m and (LuFe2O4)1 is a room-temperaturemultiferroic54, whereas none of the

layers individually has such a high transition temperature.

In order to realize pristine interfaces between crystals with control over the arrangement of

precise atomic layers, atomic layer-by-layer MBE heterostructures are chemically grown on an

atomically clean substrate heated to precisely controlled temperatures in ultrahigh vacuum, with

the chemical elements in each layer evaporated one layer at a time47. In contrast, van der Waals

heterostructures are built from the top down,where high-quality bulk single crystals aremechan-
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ically exfoliated into small nanocrystals between 0.5 and 500 µm in lateral size. Suitable small

crystals are then identified, and stacked55 using special polymers with temperature tunable adhe-

sion56,57. By taking advantage of strong van der Waals forces between vdW crystals, it is possible

to directly adhere vdW crystals to each other without using polymers or adhesives in between56.

Strong interlayer vdW force also aids in creating an atomically clean interface, as trapped impu-

rities are pushed into bubbles58.

ComparedwithMBEheterostructures, vdWheterostructures stacked frompre-exfoliated crys-

tals are less sensitive to lattice and elemental mismatches between layers, and offers great free-

dom in the choice of materials. The top-down control also allows flexibility in the choice of

substrates41 and tight control over interlayer twist angles36. However, sample fabrication tends

to be laborious and requires skill and care, which increase nonlinearly with heterostructure com-

plexity. The resulting stacks are small (0.5 - 30 µm), usually restricted by imperfections such as

bubbles. This makes it difficult to apply bulk sample characterization techniques requiring large

sample volumes, such as neutron beam scattering, nuclear magnetic resonance, and magnetic

susceptibility measurements. The difficulty of preparing large-area samples also limit industrial

applications7.

1.3 Air-Sensitive van derWaals Heterostructures

While the first experiments involving vdW materials have focused on inert compounds such as

graphene and h-BN, some of the most interesting vdWmaterials are chemically reactive and de-

grade in different ways. For example, semiconducting transition metal dichalcogenides such as

MoTe2 very slowly degrade in air over a time-scale of days59. Superconducting NbSe2 and mag-

netic CrI3 rapidly react with oxygen, but can be protected with a hBN cover16,17. Finally, mono-

layer BSCCO rapidly reacts with water, and will lose oxygen dopants in tens of minutes even at

room temperature25. These problems are made particularly worse in atomically thin vdW crys-
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tals, as the entire crystal consists of a surface layer with no protected bulk.

The extreme surface sensitivity of BSCCO in particular requires new techniques, which must

all be performed inside an inert gas or high vacuumenvironmentbelow roomtemperature. These

requirements rule out all types of standard nanofabrication processes available in the cleanroom,

as well as standard vdW pickup techniques, which rely on polymer heating far above room tem-

perature to control adhesion56,57,51. In this dissertation, we will present several such techniques

developed specifically for BSCCO, which enable us to do almost all of the fabrication steps avail-

able to ordinary vdWmaterials, but are generally applicable to any air- or heat-sensitive vdWma-

terial. Along the way, these techniques allow us to explore such varied problems as electrochem-

istry at vdW interfaces between different crystals60,61, the origin of the Hall anomaly in BSCCO

single crystals26, and the engineering of a high-temperature topological superconductor62.
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Festkörperphysik ist eine Schmutzphysik

[Solid-state physics is the physics of dirt]

Wolfgang E. Pauli

2
ATheoretical Overview

of Superconductivity

Superconductivity isastateofmatterwheremacroscopic collectionsof electronic charge

carriers condense into a state described by a single quantummechanical wavefunction. The parti-

cles in the condensate must never strongly interact with its environment, which might suddenly

”collapse” the wavefunction, erase its quantum mechanical nature, and contribute to dissipa-

tion. Indeed, such protection from interactions is the microscopic origin of the zero electrical

resistance characteristic of a superconductor.

Until the discovery of superconductivity in certain copper oxides in 198663, superconductiv-

ity was believed to be a low-temperature effect manifesting only below 30 K42. However, by
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1993, the record for the highest superconducting transition temperature had risen to 133 K at

ambient pressure in a HgBaCaCuO system64, a material of enormous structural and electronic

complexity65. If solid state physics is the study of dirt, it is sometimes in such fertile soil that

complex phenomena are found. The cuprates represent one of the central areas of focus for con-

densed matter physics, and despite over 30 years of intensive study, theoretical questions remain

outstanding.

In this chapter, we shall outline the basic phenomenology of superconductivity, and sketch a

theoretical foundation necessary to approach the topics in later chapters.

2.1 Superconductivity

When certain materials are cooled below a transition temperature TC, the material undergoes a

thermodynamic phase transition where the electrical resistance vanishes. Simultaneously, any

magnetic fields are expelled from the bulk of thematerial, either to the exterior or into nonsuper-

conducting domains. These two phenomena, along with macroscopic phase coherence, are the

defining features of superconductivity66,67.

At the microscopic scale, these empirical observations may be explained if the charge carriers

are bosonic, which naturally condense into a quantum mechanical ground state. Low-energy

scattering is prohibited by the nonzero minimum energy, proportional to the number density

of the condensate, needed to scatter a single boson from the condensate. It is then natural to

expect the condensate to behave as a quantum mechanical object described by a complex wave-

function, even at nonzero temperature in disordered materials. Moreover, such a quantum ob-

ject naturally transport charges without energy dissipation. Magnetic flux exclusion also arises

naturally, as screening supercurrents may spontaneously appear without energy cost to suppress

penetrating magnetic fields, which otherwise increases the free energy. However, there is a cru-

cial piece missing: the electron is naturally a fermion with spin 1/2, and pairs of free electrons in
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ϕ = 
2π n

T > TC

T < TC

a b c

B

B

Figure 2.1: Phenomenology of Superconductivity. A superconductor is schematically shown above and below
TC. a. shows fermionic charge carriers scattered by small excitations aboveTC, while belowTC scattering of Cooper
pairs is prohibited below the gap energy. b. A normal metal allows a small magnetic field to pass through. Below
TC, the superconductor expels a small magnetic field to the exterior of the sample. c. An electron going around a
hole in a nonsuperconducting sample is in general not phase coherent, because it will be scattered multiple times
before circling the hole (unless the hole is sufficiently small). In a superconductor, scattering is prohibited, so the
condensate wavefunction must pick up a phase φ = 2πn, where n is an integer.

three dimensions do not formbosonic bound states until an attractive interaction exceeds a finite

threshold strength66, much like the finite square well problem in three dimensions, which does

not admit bound solutions until the well is sufficiently strong.

2.2 BCS Theory and the Superconducting Gap

Bardeen, Cooper and Shrieffer (BCS) proposed a solution68,69. Cooper68 considers two free elec-

trons at Fermi energyEF above a background of others, whose sole purpose is to liftEF above zero

by occupying all states of lower energy. The density of states, which is the phase space volume

of all allowed states at a specified energy, is consequently lifted from zero. Cooper’s insight is

that the additional density of states available at nonzero EF renders the problem analogous to the

finite square well in one dimension (with constant density of states), and admits bound solutions

to Schrodinger’s equation with an attractive potential of any strength, even one arbitrarily weak.
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At low temperature, our electron pair must then settle into the bound state, as it is of lower en-

ergy, and others must also do the same. The bosonic Cooper pairs then immediately condense

into the degenerate ground state.

Inmost known superconductors, superconductivity originates from interactionsbetween elec-

trons and lattice vibrations (phonons). Such interactions are typically weak, and most phonon-

mediated BCS superconductors have TC below 30 K, except in a few families of compounds

where conditions are optimal70,71. Such materials often refered to as conventional BCS super-

conductors.

In a conventional BCS superconductor, fermionic charge carriers pair up and condense, un-

til the condensate is at equilibrium with normal charge carriers, termed quasiparticles. Such a

many-body state may be described in the language of second quantization. We define the par-

ticle creation operator c†k↑ which creates a quasiparticle72,67 with wavevector k and spin ↑ from

vacuum, with its annihilation operator hermitian conjugate ck↑. These particles are simple plane

waves, which are eigenstates of Schrodinger’s equation in free space. These operators obey the

anticommutation relation for fermions66,67:

{ck,σ, c†k′,σ′} = δk,k′δσ,σ′ (2.1)

{c†k,σ, c
†
k′,σ′} = {ck,σ, ck′,σ′} = 0 (2.2)

and we may define the usual number operator

nk,σ = c†k,σck,σ (2.3)

Inmacroscopic samples, the number of charge carriers in the system is not fixed: the system estab-

lishes equilibriumwith its environment by freely exchanging particles. In such a grand canonical
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ensemble, BCS writes a simple approximate wavefunction69

|ψ⟩ =
∏
k

(uk + vkc†k,↑c
†
−k,↓) |φ0⟩ (2.4)

where |φ0⟩ is the vacuum state with no particles.

Figure 2.2: ACooper pair is a boson composed of two charge carriers. In the case of singlet superconductors where
the total spin is 0, the Cooper pair is composed of carriers of the opposite spins and wavevector.

The form of the BCS wavefunction is suggestive: at each wavevector k⃗, there is a complex

amplitude vk for the particle to pair with a partner with the opposite wavevector −k⃗ and the

opposite spin. This Cooper pair then condenses into the ground state. On the other hand, there

is also a complex amplitude uk for the particle to not pair, in which case no particles are added

to the condensate. We must then expect that |uk|2 + |vk|2 = 1, and in the simplest case if the

relative phase difference φ between u and v is a constant (vs. k), then φ is the complex phase of

the condensate wavefunction.

We have written down a simple trial wavefunction for the BCS ground state. Now it remains

to find the values of u and v given a simple pairing potential. In the simplest case, the Hamilto-

nian must contain the kinetic energy of each Cooper pair, plus an attractive interaction energy

between them. Wewrite theminimal form of the potential whichwill yield superconductivity67:

H =
∑
k,σ

εknk,σ +
∑
k,m

Vk,mc†k,↑c
†
−k,↓c−m,↓cm,↑ (2.5)

The BCS ground state must minimize the free energy in the grand canonical ensemble at zero
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temperature:

δ ⟨ψ|H− μN |ψ⟩ = 0 (2.6)

where μ is the chemical potential, equivalent to the Fermi energy at zero temperature, andN is the

number operator for the condensate. We know the expectation value ⟨ψ|N |ψ⟩ = 2
∑

k |vk|2, by

the construction of our trial wavefunction66. The interaction term scatters Cooper pairs from

wavevectorm to k, which requires a filled state atm and an empty one at k, andmust then involve

those probability amplitudes66. Wemay then evaluate the expectation value in (2.6), and for now

assuming real u and v:

⟨ψ|H− μN |ψ⟩ = 2
∑
k

ξkv
2
k +

∑
k,m

Vk,mukv∗ku∗mvm (2.7)

where ξk = εk − μ is the quasiparticle energy measured relative to the chemical potential μ.

With the constraint that |uk|2 + |vk|2 = 1 with real u and v, we are ready to minimize the free

energy. Writing uk = sin θk and vk = cos θk, the derivative ∂ < H − μN > /∂θk must vanish

when the free energy is minimal. Thus,

∂ < H− μN >

∂θk
= 0 = −2ξk sin 2θk +

∑
m

Vk,m cos 2θk sin 2θm (2.8)

with the solution

2ξk tan 2θk = −
∑
m

Vk,m sin 2θm (2.9)

We define the quantities

Δk = −
∑
m

Vk,mumvm = − 1
2
∑
m

Vk,m sin 2θm (2.10)
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and

Ek = (Δ2
k + ξ2k)

1/2 (2.11)

These simplify the solutions for θ in 2.9:

tan 2θk = −Δk

ξk
(2.12)

which implies that

2ukvk = sin 2θk =
Δk

Ek
; v2k − u2k = cos 2θk = − ξk

Ek
(2.13)

We may now finish the derivation by substituting (2.13) into (2.10):

Δk = − 1
2
∑
m

Δm

(Δ2
m + ξ2m)1/2

Vk,m (2.14)

which for the simplest possible attractive potential Vk,m = −V whenever |ξk| and |ξm| ≤ ~ωD,

and 0 elsewhere. Anticipating an electron-phonon mediated pairing mechanism, we set ωD as

the Debye frequency – the characteristic frequency of phonons, above which the phonons will

be too slow-moving to respond67. Then, if we set Δk = Δ to be independent of k whenever

ξk ≤ ~ωD, we will reduce (2.14) to find

2 = V
∑
k

1
(Δ2

k + ξ2k)1/2
(2.15)

which can be analytically solved by turning the sum into an integral over energy with the help of

the density of states at Fermi energyN(0), with the solution

Δ =
~ωD

sinh( 1
N(0)V)

≈ 2~ωDe−1/N(0)V (2.16)
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and with BCS ground state coefficients

v2k =
1
2

[
1− ξk

(Δ2 + ξ2k)1/2

]
(2.17)

and up to phase, u2k = 1− v2k .

We may now derive the energy change when one single quasiparticle with wavevector |l, ↑⟩ is

added to the BCS ground state, without its Cooper pair partner67. Working from (2.7), wemust

first remove the Cooper pair with wavevector l, which changes both the kinetic and interaction

energy terms:

E− = ⟨ψ′|H− μN|ψ′⟩ − ⟨ψBCS|H− μN|ψBCS⟩ = −2ξlv
2
l − 2

∑
m

Vl,mulv∗l u∗mvm (2.18)

Wehave assumed that u, v are all real, sowe recognize that the second term contains the definition

for Δ in (2.10). We also add in the energy ξl of the lone excited quasiparticle. After the energy

subtraction and addition:

E−+ = ξl(1− 2v2l ) + 2ulvlΔ (2.19)

where we use (2.13) twice: once to simplify the second term, and again through the relation

u2k =
1
2(1+ ξk/Ek) derived from (2.13):

E−+ = (ξ2l + Δ2)/El = El (2.20)

where El = (Δ2
l + ξ2l )1/2.

Thus, Δ takes on the physicalmeaning of theminimumenergy needed to excite the condensate

by adding a quasiparticle into the system at the Fermi energy. The superconducting condensate

is gapped from excitations with an energy gap Δ, and is thus protected from excitations unless

the perturbation is strong enough to overcome the gap.
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In our simple pairing potential, which is independent of k at low energy, Δ is constant. This is

often referred to as s-wave superconductivity, in analogy with the isotropic s-orbital. In materials

with strongly anisotropic lattices, the Δ(k)may reflect the same symmetry as the crystal lattice.

This is sometimes referred to as anisotropic s-wave pairing (see section 9.9.1 in66). In such cases,

while the strength of the gap changes with lattice directions, the gap never vanishes and the phase

of the condensate does not depend on k73.

In the next section, we shall see that this is not always the case. For example, strong evidence

has emerged for a dx2−y2 -wave superconductivity in the cuprate superconductors73, where the

gap changes sign as a function of k. We note that this is still an active area of debate, and a small

s-wave component may well coexist with the dominant d-wave order parameter, especially near

material edges where additional crystal symmetries are broken.

2.3 Pairing Symmetry and the Cuprates

As we have seen in (2.10) and in the BCS gap equation (2.14), Δ(k) reflects the symmetry of

the pairing potential responsible for superconductivity74,73. When Δ(k) breaks symmetries of

the underlying crystal lattice, it is said to be unconventional66. Measurement of the symmetry of

Δ(k) therefore places constraints on theories of pairingmechanism specific to amaterial75. Mate-

rials with unconventional pairing symmetrymay also be useful for engineering unusual quantum

states in such materials76,77,62, with possible applications including quantum computing.

++

-

-

∆d = ∆0 [kx
2 - ky

2]∆s = ∆0

+

kx

ky

Figure 2.3: s and d wave gap structures.
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In the case of copper-oxide high temperature superconductors, there is strong evidence that

the gaphasd-waveorder parameter, which changes signunder rotationby90◦ (see figure 2.3)74,73.

Δ(k) is highest in magnitude along the antinodal directions along the copper-oxygen-copper

bonds, while it vanishes at the diagonal nodal directions78. The quasiparticle density of states

is thus expected to be nonzero all the way to the Fermi energy, in contrast to s-wave supercon-

ductors78,73.

Evidence for d-wave order parameter (OP) in the cuprates shows up in many experiments.

First, measurements of thermal excitations, such as specific heat, are sensitive to energy gaps in

the quasiparticle spectrum. The absence of a gap appears as a T2 scaling of low-temperature

specific heat, instead of an exponential suppression as thermal excitations are frozen out below

the gap energy79. Such low-energy states are also seen in tunneling experiments, where thedI/dV

smoothly approaches zero below the gap80. The quasiparticle excitation spectrum may also be

measured withmomentum space resolution in ARPES experiments, where it is seen to explicitly

vanish in certain k-space directions78.

While these experiments are able to probe the quasiparticle density of states, it is difficult to

rule out the effect of disorder, which may add states below the gap73. The strongest evidence

for d-wave OP come from quantum interference experiments near in-plane grain boundaries in

superconducting films where the crystal lattices change direction73, or at the boundary between

cuprate superconductors and elemental metallic superconductors, which host conventional su-

perconductivity74. Such quantum interference experiments are cleverly engineered to measure

the condensate’s phase difference along different crystallographic directions.

2.4 Josephson Junctions

The crystal grain boundary junctions from the previous section are examples of Josephson junc-

tions (JJ), which form whenever two superconductors are joined together through a sufficiently
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short weak link so that a current flows without resistance66. The weak link may take on a variety

of forms, including non-superconducting metals, insulating tunnel barriers, and even ferromag-

nets. Fundamentally, the physics of JJs are rich, and they may be used to probe basic proper-

ties of superconductors, such as the pairing symmetry of the cuprates discussed in the previous

section. Technologically, they form the core of such devices as the Superconducting Quantum

Interference Device (SQUID), the Josephson voltage standard, and various implementations of

the superconducting quantum bit (qubit).

The superconductivity inside a Josephson junction is weak, and the superconducting phase is

consequently allowed to sharply change across the junction as an external current is applied. For

most junctions, this current-phase relation holds that81:

I = IC sin γ (2.21)

where IC is the critical current, I is the current through the junction, and γ is the gauge-invariant

phase difference across the junction, which has contributions due to the superconducting OP

phase change across the junction γ0, plus a term from the magnetic vector potential A⃗:

γ = γ0 − (2π/Φ0)

∫
A⃗ · d⃗s (2.22)

where the path integral is taken through the junction.

As the current across the junction is increased, the Josephson phase γ increases accordingly

until the supercurrent is too high to be supported in the junction at IC. At this point, the voltage

V across the junction jumps to a nonzero value, along with the resistance.

If we bias the JJ at a constant voltage V, γ will increase, according to the second Josephson

relation:
dγ
dt

=
2eV
~

(2.23)
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where e is the elementary charge. The current through the junction will also oscillate.

The current-phase relation depends on the detail of the Josephson junction, and sometimes

deviates from (2.21). For example, Josephson junctions between d-wave superconductors with

a 90◦ relative twist angle will naturally have a ground state γ = π, or equivalently a negative IC,

due to the sign change in the OP62. Similar effects are achieved in ferromagnet JJs82. Such JJs are

referred to as π Josephson junctions. In addition, harmonics of higher order may also be seen in

special cases. We shall encounter such a case in Chapter 8, when Josephson junctions are formed

between BSCCO crystals twisted to 45◦.

Figure 2.4: RCSJ Model. A Josephson junction may be modeled as an ideal JJ in parallel with a resistor and capac-
itor.

As a circuit element, physical Josephson junctions are modeled as an ideal Josephson junction

described by (2.21) and (2.23), in parallel with a capacitor and resistor, in theResistively and Ca-

pacitatively Shunted Junction (RCSJ) Model66,83. Here, the resistor models the dissipative trans-

port at finite voltages, and the capacitive term captures the capacitive coupling between the two

superconductors at the junction. Using Kirchoff’s circuit laws, we see that:

I = IC sin γ+ V/R+ CdV/dt (2.24)

We then use the second Josephson relation (2.23) to eliminate V. The resulting differential equa-

tion contains a characteristic frequency of the JJ, the plasma frequency ωp:

ωp =

(
2eIC
~C

)2

(2.25)
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and the dimensionless quality factorQ, which describes the amount of damping (due to dissipa-

tion) in the system.

Q = ωpRC = R
(
2eICC
~

)1/2

(2.26)

which simplifies (2.24) to
d2γ
dτ2

+
1
Q
dγ
dτ

+ sin γ =
I
IC

(2.27)

where τ = 1/ωp.

Mathematically, (2.27) is equivalent to the equation of motion of a point particle moving

about the coordinate γ, under a friction damping term and a potentialU(γ):

U(γ) = −EJ cos γ− (~I/2e)γ (2.28)

where the Josephson coupling energy EJ = ~IC/2e.

The first term in U(γ) comes from the current-phase relation (2.21), and it implies that the

current-phase relation is related to the junction’s free energy via a derivative. Thus, we may in-

terpret the condition that γ = 0 with no external currents to be consequence that γ = 0 in the

ground state of the junction83.

The second term tilts the potential as current bias is increased (see figure 2.5). When the tilt

is small, the phase particle stays at rest at one of the local minima on the potential. As I reaches

IC, the tilt becomes so great that it removes the periodic minima in the first term (in other words,

dU/dγ is nonzero everywhere). At this point, the phase particle rolls down the slope, dγ/dτ

becomes nonzero, and the system jumps out of the supercurrent state.

When the current bias |I| is then lowered back below IC, the behavior of the phase particle

depends on the damping 1/Q. When damping is large so that Q « 1, dissipation (which shows

up as friction in our mechanical analog) strongly affects the system, and the phase particle is re-

trapped into a potential energy minimum as soon as they appear at IR = IC. However, if the

20



U(γ)

γ

A

B

C

D

E

Figure 2.5: RCSJ Washboard Potential from (2.28). The behavior of a JJ is modeled by a fictitious particle in
the washboard potentialU(γ). For an underdamped junction initially at zero current (solid circle), the test particle
remains in a localminimumuntil the current bias is great enough to eliminate the localminima at the critical current
in E. The particle rolls down the slope and junctionV becomes nonzero. For a JJ already in the voltage state (hollow
circle), the minima must be deep enough to overcome the inertia of the ball, so that the retrap current (B) is smaller
than the critical current.

damping is small so that Q > 1, then the inertia of the phase particle is dominant, and retrapping

only occurs at IR < IC. The amount of hysteresis that appears in I-V sweeps then measures the

damping66:

Q =
4IC
πIr

(2.29)

Next, we apply anAC voltage bias at radio frequency in addition to the usual DCbias. We can

model this simply by adding an oscillatory term to the voltageV(t) = V+v cos ωt. We substitute
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this expression into the Josephson relation (2.23), and integrate to obtain γ:

γ(t) =
2e
~

(
Vt+

v sin ωt
ω

+ γ0

)
(2.30)

where γ0 is a constant of integration. Now we may substitute this expression into the current-

phase relation (2.21). Aswe shall discuss later, if the current-phase relation takes a different form,

the JJ response may change.

I = IC sin
(
ω0t+ γ0 +

ω0v
ωV

sin ωt
)

(2.31)

wherewe defineω0 = 2eV/~. To treat the sin(sin(·)) term, we use the angle addition to product

identity to separate the sin ωt term from the others, so that we may then apply the identities83

cos(a sin ωt) = J0(a) + 2
∞∑
η=1

(−1)ηJ2η(a) cos(2ηωt) (2.32)

sin(a sin ωt) = 2
∞∑
η=0

(−1)ηJ2η+1(a) cos((2η+ 1)ωt) (2.33)

where Jη is the Bessel function of the first kind, of integer order. Then, setting a = ω0v/(ωV0),

our current relation becomes

I(t) = IC

J0(a) sin(ω0t+ γ0) +
∞∑
η=1

Jη(a)
(
sin[(ηω+ ω0)t+ γ0]− (−1)η sin[(ηω− ω0)t+ γ0])

)
(2.34)

If we measure the DC junction voltages with standard voltmeters, which average over millisec-

ond time scales, the terms which oscillate rapidly in time will average out to zero. So then the
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contribution of the sum is nonzero only when ηω = ω0, or:

V = η
~ω
2e

; ∀η ∈ Z (2.35)

At each of these quantized voltages, the current may66 take on any value within

Vk

R
± ICJk

(
2ev
~ω

)
(2.36)

Experimentally, the JJ is usually current-biased at DCwith the RF radiation coupled in via an

antenna, so it is close to the current-biased regime. In this case, the I-V curve usually looks like a

staircase, with plateaus of constant voltage at each of the quantized voltages above. Each step of

constant voltage is called a Shapiro step.

For underdamped Josephson junctions, it is important that theRF frequencyω is far above the

JJ plasma frequency84. Otherwise, the Josephson junctionmay enter a chaotic regime, where the

I-V behavior is difficult to predict85. In BSCCO intrinsic Josephson junctions between CuO2

planes, this is a particular challenge, as the Josephson coupling energy is very strong. Shapiro

stepswere observed by using terahertz radiation far above the plasma frequency84, shunting the JJ

with ametal86, or by using the weakly superconducting surface JJs87, which had been chemically

weakened by environmental exposure during fabrication.

In rare cases, the current phase relation in (2.21) takes a different form88. For example, at a

transition from a conventional Josephson junction to a π junction, the sign of IC in the current-

phase relation must change. If there are any small higher-order contributions to the current-

phase relation, these must dominate as the first order term vanishes at the transition. Since the

current-phase relationship is 2π periodic in phase γ88, the current-phase relationship can always

be written as a Fourier series, and higher-order contributionsmust appear as higher harmonics in

γ. The presence of these terms in the current-phase relation leads to the appearance of fractional
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Figure 2.6: Shapiro steps in a Josephson junction between two near-optimally-doped Bi2Sr2CaCu2O8+x crystals,
twisted to a relative angle 43.7◦. Data taken at 70 K.

Shapiro steps. That is, k in (2.35) takes on fractional values. Experimentally, half fractional steps

were previously seen in SFS Josephson junctions near the 0− π transition89.

2.5 Ginzburg-Landau Equations

While theBCS theoryprovides amicroscopic viewof superconductivity and its underlyingmech-

anism, the Ginzburg-Landau theory captures the phenomenon of superconductivity. It excels

at calculating the behavior of superconductors in experimental conditions, where factors such as

sample geometry, boundaries and inhomogeneity enter. It is based on theLandau theory of phase

transitions, and was formulated in 1950 before the BCS theory, and yet, it was shown later90 that

the G-L theory may be derived from BCS theory itself, in the limit near TC and for sufficiently

gradual variation in ψ and vector potential A.
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In the Landau theory of phase transitions, we first identify an order parameter which becomes

nonzero in the low temperature regime below the critical temperature TC. GL identified the ap-

propriate choice as a complex wave-function ψ defined over all points in space, where |ψ|2 equals

the local density of superconducting electrons.

Next, we write down the free energy density f at each point in space:

f = f0 + α|ψ|2 + β
2
|ψ|4 + 1

2m∗

∣∣∣∣(~
i
∇− e∗

c
A
)
ψ
∣∣∣∣2 + h2

8π
(2.37)

where f0 is the free energy of the normal state, α and β are material dependent parameters,m∗ is

the effective mass, and h is the local magnetic induction.

The form of (2.37) can be understood in the following way. First, deep inside a uniform su-

perconductor and away from electromagnetic fields, the second and third terms dominate. They

are the lowest order terms in the Taylor expansions in ψ∗ψ, which are guaranteed to be real. α(T)

is tuned so the material has the appropriate transition temperature: α = a(T − TC). Next,

the gradient term is simply the kinetic energy of the superfluid, as the object in round brackets

is simply the momentum operator in real space. Finally, we include the energy associated with

magnetic fields in free space. The final term is responsible for the Meissner effect, as screening

supercurrents spontaneously appear at zero energy cost to suppress the free energy contribution

from external magnetic fields.

F =
∫
R3 f(r)dr may be minimized with respect to ψ∗ and A respectively, yielding the two

Ginzburg-Landau equations:

− ~2

2m∗

[
∇⃗ − ie∗

~c
A⃗(r)

]2
ψ+ αψ+ β|ψ|2ψ = 0 (2.38)

j⃗(r) = − ie∗~
2m∗ [ψ

∗∇ψ− ψ∇ψ∗]− e∗2

m∗c
|ψ|2A⃗(r) (2.39)
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The Ginzburg-Landau equations reveal that there are two different length scales associated

with superconductivity. First, at sample edges, superconductivity is continuously suppressed

over a coherence length ξ. Next, magnetic fields are pushed out of the bulk of a superconductor

with screening supercurrents, over the London penetration depth λL.

First, wederive ξby allowing a superconductor tooccupy the region x ≥ 0away frommagnetic

fields. Without loss of generality, we may set ψ real. Then, (2.38) becomes:

− ~2

2m∗α
d2ψ
dx2

+ ψ+
β
α
ψ3 = 0 (2.40)

where we note that α < 0 for a superconducting state to be energetically favorable. We re-scale ψ

by setting f2 = βψ2/|α|, and

ξ2 =
~2

2m∗|α|
(2.41)

Then, the G-L equation becomes−ξ2f′′ − f+ f3 = 0 with solution

f = tanh

(
x√
2ξ

)
(2.42)

so ξ is the characteristic length overwhich superconductivity is suppressed. Physically, it is related

to the size of the Cooper pair in BCS theory. Since α changes sign at TC in order to tune the G-L

model in and out of the superconducting state, ξ diverges at TC.

A second length scale emerges in the suppression of magnetic fields. Let us place a supercon-

ductor in the region z ≥ 0, and apply a magnetic field parallel to the surface: B⃗ = B(z)x̂. Using

(2.39), but neglecting the gradients in ψ (associated with currents), and using Maxwell’s equa-

tions to substitute j,

∇× j =
c
4π

∇× (∇× h) = − e∗2

m∗c
|ψ|2∇× A (2.43)
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which we may simplify to
d2H
dz2

=
4πe∗2

m∗c2
|ψ|2H (2.44)

from which we may read out the characteristic length scale

λL =
(

m∗c2

4πe∗2|ψ|2

)
(2.45)

which deep into the superconductor (compared with ξ), |ψ| =
√

α/β

2.6 Type I and II Superconductors and Vortices

When a superconductor is placed into a strong magnetic field (but not yet strong enough to

destroy superconductivity completely), flux lines are pushed intonon-superconductingdomains.

This decreases the free energy as the rest of the material becomes superconducting, but possibly

at an energy cost near the interface.

Crossing the domainboundary into the superconducting region, themagnetic field drops over

a distanceλLwhile the superfluiddensity |ψ|2 increases over ξ. This is energetically favorablewhen

ξ is small, and the competition over these two length scales govern the behavior of the supercon-

ductor in magnetic field.

Quantitatively, we define the Ginzburg-Landau parameter κ = λL
ξ . Using the G-L equations,

wemaynumerically calculate the free energydifferencebetween the systemwithone suchdomain

boundary, and a fully superconducting system66

δ = 1.89ξ κ ≪ 1; (2.46)

δ = −1.10λL κ ≫ 1; (2.47)

When κ < 1/
√
2, the domainboundarywall has positive energy, anddomainwalls aremade as
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large as possible. This is the ”intermediate state” in Type I superconductors discussed in section

2.3 of66. On the other hand, when κ > 1/
√
2, the domain wall has negative energy, and the

system creates as many magnetic domains as possible.

What is the minimum flux enclosed in each magnetic domain? The condition that the OP’s

phase must advance by integer multiples of 2π around any closed loop imposes a limit. First, we

observe that the supercurrent velocity is related to ψ = |ψ|eiφ by

m∗v = −2eA/c+ ~∇φ (2.48)

where we implicitly invoked the BCS Cooper pair with charge 2e. Integrating both sides on a

contour integral around an area S, which encloses a magnetic flux, we observe that

∮
∂S
m∗vds+

e
c

∮
∂S
Ads = ~

∮
∂S
∇φds (2.49)

Nowwe recognize that for ψ to be single-valued,
∮
∂S ∇φds = 2πn for some integer n, andwe use

Stoke’s theorem on the second term, so that:

∮
∂S
m∗vds+

e
c

∫
S
∇× Adn = ~2πn (2.50)

and by Maxwell’s equations,∇ × A = H. Now we can take S to be infinitely large region, far

away from the flux, and the superfluid velocity should go to zero. Then, the first term vanishes,

and

Φ = n
hc
2e
; n ∈ Z (2.51)

So that the minimum flux enclosed in a magnetic domain is Φ0 = 2.0678× 10−15 Tm2.

A Type II superconductor placed in a weak magnetic field will initially push all flux lines to

its exterior. When the magnetic field approaches the lower critical field at HC1, vortices start to
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enter the superconductor. As magnetic field continues to increase, the vortices start to interact

among themselves, and order themselves into a lattice. Finally, superconductivity is destroyed at

the upper critical fieldHC2.

In a vortex, themagnetic field is focused to its normal core by a circulating screening supercur-

rent. At a distance on order of ξ, the superconductivity is restored to the bulk value. Magnetic

field is also suppressed to zero on the length scale of λL. Quantitatively, we can calculate66 the

superfluid density by setting ψ = ψ∞f(r)eiθ. This forces the gauge toA = A(r)θ̂. Using the G-L

equation,66 shows that

f(r) ≈ tanh
νr
ξ

(2.52)

where ν is a constant of order 1. This is shown in figure 2.7

Next, in the extreme Type II limit where λL ≫ ξ, the magnetic field drops off as

h(r) → Φ0

2πλ2

(
πλ
2r

)1/2

e−r/λ; r → ∞ (2.53)

and

h(r) ≈ Φ0

2πλ2

(
ln

λ
r
+ 0.12

)
; ξ ≪ r ≪ λ (2.54)

The motion of vortices under an applied current dominates the transport properties of a su-

perconductor in amagnetic field. As an applied current flows past a single vortex, a Lorentz force

F = J× B/c is applied by the current onto the magnetic flux, where J is the current density. The

vortex thus moves perpendicular to the transport current at velocity v, which is determined by a

friction-like term. The moving magnetic flux then induces an electric field E = B× v/c parallel

to J, which dissipates the energy of the applied current, and results in a nonzero resistance.

When vortices are positioned close to one another, the flux from one vortex will drift away

from the other, due to the Lorentz force from the circulating screening current. Such repulsive

forces between vortices pushes them into a lattice.
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Figure 2.7: Structure of a Vortex. Inset shows schematic of a superconducting vortex. Red and blue circles show
the coherence length ξ and penetration depth λL respectively. A circulating supercurrent (arrow) shows the super-
current screening the magnetic field. Main plot shows the approximate magnetic field strength h(r) and superfluid
density f(r).

Oneway tominimize the dissipation in a superconductorwith vortices is bypinning vortices to

crystal defects where superconductivity is weakest. In a vortex lattice, the trapped vortices pin the

entire vortex lattice into place, significantly decreasing sample resistance. In the high temperature

superconductors, with extremely highTc andHC2, the vortex lattice canmelt into a ”liquid” state

significantly belowHC2. The signature of such a transition is a sudden jump in resistance, when

the unpinned vortices suddenly become mobile in the absence of the vortex lattice91.

30



0.005 0.01 0.015 0.02 0.025 0.03
1/T (K-1)

-2

-1

0

1

2

3

lo
g(

R
)

200 100 66.7 50 40 33.3
Temperature (K)

0T 0.5T 3T 5T

100 150
T (K)

0

100

200

300

R
XX

 (
)

500
0T5T
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Bi2Sr2CaCu2O8+x device.
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Do an ordinary thing, in an extraordinary way.

Henri M. van Bemmel

3
High Transition Temperature

Copper-Oxide Superconductors

At their discovery63, the copper-oxide superconductors captured the imagination of the

condensed matter physics community. At the time, the highest temperature at which super-

conductivity was believed to survive was 30 K42. Most superconductors at the time had been

elemental metals or intermetallic compounds – good metals – with high charge carrier density

and low resistance. The cuprates were comparatively resistive, and with relatively low charge car-

rier density controlled by doping. Moreover, their parent compounds at zero doping were strong

antiferromagnets, it was thought that magnetic ordering suppressed superconductivity. Even

the nature of superconductivity in the cuprates was strange - spectroscopic and thermodynamic
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Figure 3.1: Phase diagram for a cuprate superconductor. Reproduced with permission from42

measurements revealed quasiparticle states all the way down to the Fermi energy73.

Indeed, superconductivity and antiferromagnetism are not the only electronic phases accessi-

ble in the cuprates. By tuning their chemical structure (andmisfit strainbetween atomic layers92),

doping and temperature, the cuprates enters into electronic phases as varied as charge density

waves, spin density waves, the pseudogap, and strange metal phases42. For many of these phases,

complete and consensual theoretical description remains an outstanding challenge. Tomake the

mattermore pressing, some of the same phases, such as the strangemetal, appear in other strongly

correlatedmaterials such as the iron-based superconductors93,94.

Such rich phenomenology in the cuprates point to extraordinary complexity95, where the

physics of spin96 and charge97,98 conspire with self-organized inhomogeneity of the dopants99,100
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and lattice101,102. The oxygen dopants, which occupy interstitial sites in the buffer layers, strongly

influence local electronic properties at the atomic scale100. Their nanoscale organization appear

as features inX-ray diffraction99,103,65, which in turn are spatially organized intomicro-scale pud-

dles, each with its own local electronic property. A macro-scale transport current must navigate

through such a nanoscale phase-separated landscape103, which is ever changing above 200 K99

and under X-ray illumination104. The result is a system rich with electronic phases which co-

exist and compete42, whose complete theoretical understanding has yet to emerge42, and whose

mastery104,25,99 might open new technological possibilities62,105.

In this chapter, we will explore the structure of the cuprate family of superconductors. We

will survey the cuprate phase diagram. Finally, we will discuss the difficulties posed by the intri-

cate patterns of organization which are destroyed above room temperature99, whichmust not be

disturbed during the device fabrication process.

3.1 Basic Structure of Cuprate Superconductors

The cuprate family of superconductors contains many members, yet their structural and elec-

tronic properties share many similarities. Structurally, they are all composed of CuO2 planes

separated by other buffer layers, which stabilizes the structure and acts as reservoirs for oxygen

and other dopants. By convention, we assign the â and b̂ crystallographic directions to be in the

CuO2 plane, with ĉ perpendicular. The CuO2 planes form either a square lattice or very nearly

so, depending on the compound106.

The electronic properties of cuprates are strongly affected by carrier density via doping. In

most of the cuprates, the oxygen stoichiometry directly controls the carrier density, which are

hole-like in almost all of the cuprates, with a fewexceptions107. Oxygendopants are highlymobile

above 200K, and theynaturally order themselves in the crystal lattices99, whichmaybe controlled

using thermal annealing in vacuum or oxygen25, or X-rays104. Depending on the crystal, oxygen
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Figure 3.2: Cuprate crystal structure. a. Large crystals of BSCCO may be mechanically exfoliated onto a sub-
strate. Colors indicate crystal thickness. b. LSCO structure. c. YBCO structure. Note the difference between
CuO2 planes and CuO chains. c. BSCCO structure. The two half unit cells are offset from each other by a in-plane
translation at the BiO layer, which is weakly bonded via vdW forces only. Lattice structure diagrams reproduced
from J.E. Hoffman

dopantsmay take the formof extra, non-stoichiometric atoms occupying interstitial sites (such as

in Bi2Sr2CaCu2O8+x), or theymight be in the form ofmissing oxygen at a fraction of lattice sites

(such as in YBa2Cu3O7−x). Crystals with the latter type of oxygen dopants tend to have higher

charge carrier mobility. Finally, certain cuprates such as La2−xSrxCuO4 also contain substitution

dopants. These tend to be non-mobile at room temperature, and their spatial organization are

quenched from the high-temperature crystal growth process106.

Broadly, theymaybe separated into three families106. Here, we list theirmost prominentmem-

bers respectively: La2−xSrxCuO4, YBa2Cu3O7−x, and Bi2Sr2CaCu2O8+x.
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The La2−xSrxCuO4 (LSCO) family was the first to be discovered, in the form of

La5−xBaxCu5O5(3−y)
63. The simplest members of this family contains only 3 elemental species.

Single-crystals of LSCO are large enough to reach centimeter scales108, and high quality epitaxial

LSCO MBE films49 are also available in this family, grown with an atomic layer-by-layer MBE

method109. In the case of LSCO in particular, the Sr dopants are not mobile near room temper-

ature, and even a dopant gradient across a single epitaxial film is possible110. TC in this family

tends to be lower than the others, at 45 K in La2CuO4+y
106. Notably, while almost all the other

cuprates are hole-doped, a member of this family – R2−xMxCuO4, where R = Pr, Nd, Sm or Eu,

andM=Ce, Th, [Ce+Sr] – is electron doped with a nonzero TC with qualitatively similar phase

diagram as the other cuprates107.

Next, the YBa2Cu3O7−x (YBCO) family of compounds reach a maximum TC of 93 K un-

der ambient conditions, and are the favorite of the transport community. These crystals achieve

some of the highest carrier mobility in the cuprates, which enabled the mapping of their Fermi

surface via quantum oscillationmeasurements at highmagnetic field111,112. In YBCO in particu-

lar, electrically conductive copper oxide chains exist in addition to the usual copper oxide planes,

which contribute to transport measurements106, but do not participate in superconductivity.

Finally, the Bi2Sr2CaCu2O8+x (BSCCO) family are the most complex among the cuprates,

but also holds the record for the highest TC at 135 K in HgBa2Ca2Cu3O8+δ. The CuO2 planes

appear in groups of n closely spaced layers. For example, each half unit cell of Bi2Sr2CaCu2O8+x

(Bi-2212) contains two CuO2 planes with a Ca spacer layer in between. These groups of CuO2

planes are sandwiched by other buffer layers (ex. BiO and SrO in Bi-2212). In a unit cell, two

such units are placed with a relative translation. As a function of n, TC is always highest in the

n = 3 compound. The decrease in TC for n > 3 is thought to originate from the low doping

level in interior copper oxide layers, as the oxygen dopants are in the outermost layers of each half

unit cell106.

Structurally, there are strong structural supermodulations in the b̂ direction on top of the unit
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Figure 3.3: Intrinsic Josephson junctions a. Cross-sectional scanningTEMmicrographofBSCCOcrystal. Bright
dots are columns of atoms. The supermodulation along b̂ is clearly visible. The superconductingCuO2 layers buried
between insulating BiO and SrO layers naturally create a stack of Josephson junctions intrinsic to the crystal. They
appear as a periodic series of jumps in c-axis transport measurement, as shown in b. c shows the same data as (b) but
is zoomed in along V. Periodic structures are visible in the I-V. (b) and (c) are adapted with permission from114

cell structure102, which are not typically drawn in the idealized structural models. Such super-

modulations become readily visible in STM100, diffraction and in high resolution transmission

electron microscopy imaging, and are thought to originate from misfit strain between different

atomic layers92. We shall discuss the direct imaging of such supermodulations in real space via a

focused scanning nano X-ray beam diffraction technique, in Chapter 6.

The neighboring BiO layers in BSCCO family are bonded only via weak van derWaals forces.

This propertymakesBSCCOthe favoritematerial for surface sensitive techniques such asARPES

and STM, as a pristine surface can be easily prepared under ultra high vacuum and even at cryo-
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genic temperatures113. This property allows it to be mechanically exfoliated into atomically thin

single crystals up to hundreds of µm in size. While on the surface this advance opened the possi-

bility of bringing the arsenal of vdW crystal manipulation techniques to bear, as we shall discuss

below, BSCCO’s chemical reactivity to air113 and its oxygen dopant’s mobility99 makes such ex-

periments technically demanding. Superconductingmonolayers of BSCCOwhich is electrically

isolated from other passivating layers have only recently been reported25.

Another consequence of theweak interlayer bonding inBSCCO(andTl2Ba2Ca2Cu3O10+x) is

the discovery of intrinsic Josephson effects in the c-axis transport properties of single crystals115.

The superconducting CuO2 layers are separated from the others through BiO and SrO tunnel

barriers, which form SIS Josephson junctions with critical current of around 1 kA / cm2. In

chapter 8, we will exploit this fact, as well as our new cryogenic vdW pickup technique, to fabri-

cate twist Josephson junctions between BSCCO crystals with quality comparable to the single-

crystal intrinsic junctions. By twisting the two crystals with respect to one another, we discover

that a half-integer Shapiro step emerges within about 45◦ ± 1◦ twist angle, which points to the

co-tunneling of Cooper pairs62 that is theoretically expected to support high temperature topo-

logical superconductivity62,260.

3.2 Cuprate Electronic Phase Diagram

Despite the great diversity among the copper oxide superconductors, they share qualitatively sim-

ilar electronic properties from their shared copper oxide planes. This can be greatly modified by

changing the dopant density p, whose effect is summarized in the phase diagram. In addition

to high temperature superconductivity, a great wealth of different phenomena appears in the

cuprates, and their interplay and competition is a hotly studied topic42.

The cuprate parent compounds with no substitution doping and stoichiometric oxygen con-

tent are antiferromagnetic insulators, with p = 0. With no doping, eachCu2+ site has one charge
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Antiferromagnetic Insulator

p = 0.16
Superconductor

Figure 3.4: Doping a Mott insulator In undoped cuprates at p = 0, each copper site has 1 electron whose spin
is anti-aligned with its neighbors. Strong Coulomb repulsion between sites prohibit double-occupancy, and freezes
the electrons in place. Dopants take away electrons from the copper sites, freeing up sites and restoring mobility to
the charge carriers.

carrier in its 3d orbital, which overlaps a nearby oxygen 2p orbital106. In theory, the resulting elec-

tronic structure forms a single half filled band at the Fermi energy, but conduction is suppressed

due to strong on-site Coulomb repulsion, which penalizes double-occupancy with a high energy

cost. The charges are then localized on each site, as in a traffic jam. Virtual hopping of electrons

between copper sites leads to an antiferromagnetic ground state spin configuration below the

Neel temperature, due to the Pauli exclusion principle.

By addingdopantsnear the copper oxideplane, charges are removed in thehole-doped cuprates

(figure 3.4). These open holes unblock the traffic jam, and restores charge flow to the system. As

dopants are added, the Neel temperature drops, and the material becomes increasingly metallic.

Beyond a minimum doping level pmin, superconductivity emerges at low temperature.

There are a number of similarities between superconductivity in the cuprates and that in con-

ventional phonon-mediated BCS superconductors such as Pb. The electrical resistance is zero

belowTC, and there is aMeissner state at lowmagnetic field. Themagnetic penetration depth λL
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is long and coherence length ξ very short, as expected for a superconductor with low superfluid

density. In a larger magnetic field beyond HC1, vortices form, as expected for Type II supercon-

ductors, with the expected flux quantum. These experimental facts point to the existence of

Cooper pairs with a charge of 2e, as in a conventional BCS superconductor66.

There are also important differences. First, there is some agreement that the pairing symmetry

in cuprates is dominated by a d wave gap116. This is supported by numerous thermodynamic,

spectroscopic and tunneling experiments which show the existence of low-energy excitations be-

low the gap energy78,73, and phase sensitive experiments which directly show a sign change in the

order parameter as a function of crystallographic direction74, as well as vortices with fractional

flux quantum appearing at grain boundaries withmismatched lattice directions73. However, the

debate is not completely settled, as some experiments points to either a weak s-wave order param-

eter coexistingwith thed-waveOP117, or to a complete swave order parameter118. Wewill discuss

this matter in more detail in Chapter 8.

Asdoping p increases,TC approaches amaximumatoptimal doping popt. Crystalswith p < popt

are underdoped, and those with p > popt are overdoped. For the oxygen doped crystals, doping

levelmaybemodified after crystal growthby annealing the crystal at extended temperatures either

in vacuum or oxygen environment25. For BSCCO, popt = 0.16 per Cu site, equivalent to about

2 × 1014 cm−2 per half-unit-cell (with 2 CuO2 planes). We note that this is beyond the charge

carrier density achievable using standard electrostatic gating techniques on SiO2 substrates, but

within the reach of electrolytic gating techniques119,27,120.

In the underdoped regime and at temperature slightly above TC, the resistance of the sample

suddenly grows from zero as the sample exits the superconducting state. In most conventional

superconductors, this coincideswith a closing of the superconducting gapΔ, but in the cuprates,

an energy gap remains visible in spectroscopic, thermodynamic and transport probes in a wide

temperature range up to T∗ far above TC
121. Indeed, direct measurements of the Fermi surface

reveals that this gap has the same d-wave symmetry as the superconducting gap, but with higher
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energy scale and the (single-particle) density of states inside the gap never reaches zero78. This is

the pseudogap regime of cuprate superconductors.

There are two conflicting and controversial views of the pseudogap. One suggestion is that the

pseudogap is directly related to superconductivity, where charge carriers are paired into localized

Cooper pairs inside the pseudogap, but they are not spatially connected together because there is

insufficient phase stiffness. Experiments in support of this view include shot noise experiments

across LSCO tunnel junctions122, which observe carriers with charge greater than e above the

superconducting temperature, increased thermal conductance aboveTC attributed to vortices in

the pseudogap regime123, as well as observation of the superconductor-insulator transition via

electrolytic doping, revealing a critical sheet resistance corresponding to the quantum of resis-

tance for pairs119. A conflicting view of the pseudogap is that it originates from causes distinct

from superconductivity, which opens a gap phenomenologically similar to the superconducting

gap, but is distinct from it with a significantly different energy scale78. Complicating the picture,

thermal fluctuations are known to lead to Cooper pair formation (with finite lifetime) above TC

in thin films of even conventional superconductors124.

Inside the pseudogap, charge and spin density waves appear125,42, and sometimes together as

in the ’stripe phase’ at p = 1/8 in the LSCO family108. These phases are believed to competewith

superconductivity, as the appearance of the stripe phase causes a depression inTC at the same p42.

In the slightly overdoped regime, the pseudogap closes even though the superconducting gap

stays open at low temperature. Recent ARPES measurements appear to suggest that the pseu-

dogap disappears suddenly with doping alongside the strange metal phase around p = 0.19 in

BSCCO126, while in YBCO theHall density at extrememagnetic fields (to suppress the influence

of superconductivity and vortex contributions to Hall resistance) suddenly increase around the

same doping125.

In the optimally doped crystals aboveTC andT∗, the resistance of the sample increases linearly

with temperature. Indeed, measurements indicate that this trend persists well above room tem-
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perature127. This is surprising, as inmostmaterials, the resistance increases as a higher power ofT,

and in Fermi liquids is expected thatR ≈ T2, which is observed in the deeply overdoped regime.

Similar behavior is also observed in iron pnictide superconductors above optimal doping93.

In comparison, thephysics of overdoped regime is thought tobemore conventional. In strongly

doped cuprates, there is a Lifshitz transition at high doping where the carrier type goes from hole

to electron-like. In LSCO and YBCO, this occurs at p = 0.20 and 0.29 respectively. Above the

superconducting transition, the gap is fully closed, and the resistance scales like T2 42.

3.3 Superconductivity in Copper-OxideMonolayers

Inorder to elucidate the details of the different phases outlined above, and exploit the unique elec-

tronic features of the cuprates innewgenerations of devices62, experimentalists have attempted to

mechanically exfoliate BSCCO into small crystals on a substrate, which thenmight open the pos-

sibility of deploying the full array of tools developed for the other vdW crystals such as graphene.

The effort has proven to be difficult, as BSCCOhas proven not only reactive to thewater and car-

bon dioxide in air, but also, oxygen dopants readily escape from the surface BiO layers, changing

the crystal doping in the process. In particular, this frustrates all standard vdW pick-up tech-

niques, which relies on high temperature to control adhesion to the polymeric transfer medium.

One such experiment25 illustrates these difficulties. In the first experiment to successfully iso-

late a single half-unit-cell of Bi2Sr2CaCu2O8+x and retain a fully superconducting state with al-

most the same TC as the bulk material, Yu et al. tuned the carrier density with the sample in

the cryostat by heating the sample up between 300 - 380 K. The doping of the superconductor

changed accordingly, and the resulting single device accessed the entire phase diagram. To fabri-

cate the sample, the authors quickly performed the entire fabrication procedure on a cold stage

at -40 ◦C, and completed the whole fabrication procedure quickly within about 2 hours. For

contacts, the authors pressed indium electrodes coated with gold onto the BSCCO crystal sur-
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face, instead of the usual micron-scale evaporated contacts defined via electron beam (or photo-)

lithography. Even under such extreme conditions,TC of the resulting devices decreasedwhen the

total fabrication time was longer than 1 hour.

In the next chapter, we shall outline the unique techniques that we have developed specifically

to solve this problem. These technical developments allowus to bring nearly the full capability of

a university fabrication cleanroom into an inert argon environment without the use of solvents

or resists, all the while keeping our sample at or below room temperature. As we will discuss in

Chapter 8, these techniques allow us to stack BSCCO crystals atop one another to create trans-

parent Josephson junctions with electrical characteristics comparable to intrinsic junctions of

single crystals, yet with precise control over the relative twist angle between them.
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Simplicity is the ultimate sophistication.

Leonardo da Vinci

4
Air-Free and Cryogenic

Fabrication Techniques

The remarkable simplicity with which van der Waals materials can be combined in seem-

ingly arbitrary configurations, alongwith the vast library of vdWmaterials available, havebrought

about new ways of controlling and probing electronic matter. One of the most interesting vdW

material available is Bi2Sr2CaCu2O8+x, as a prototypical example of cuprate high-temperature su-

perconductor, which is also one of the first materials to bemechanically exfoliated into an atomi-

cally thin form6. However, its chemical reactivity113,128 alongside its oxygen dopants’ propensity

to lose their spatial self-organization at room temperature99 have until very recently129,26,27 made

it impossible20 to synthesize atomically thin crystals, while preserving its pristine and complex
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nature25.

In this chapter, we describe a new set of techniques designed specifically to solve these fabrica-

tion problems, yet flexible enough to be used on any van der Waals material or heterostructure,

powerful enough to reproduce almost the full capability of a university cleanroom, and simple

enough to yield multiple functional complex devices in a single day.

4.1 Nanofabrication on van derWaals Heterostructures

VanderWaals device fabrication consists of five basic steps (figure 4.1), which together defines the

geometry of vdW devices of almost arbitrary complexity. First, vdW materials are mechanically

exfoliated and identified,which are assembled into a stackusing various transfer techniques130,57,131,132.

While simple vdW heterostructures are easy to create, it takes great skill and patience to realize

a heterostructure of high quality and complexity34. Next, lithography selects an area of inter-

est on the device, and this region may be etched away, or a material (such as a metal contact)

may be deposited with high resolution. These steps are repeated until the device reaches the re-

quired functionality. Occasionally, additional vdW heterostructures may also be placed on top

of pre-fabricated electrodes133. Finally, the finished device must be packaged and mounted on

the cryostat, with all necessary electrical connections.

Each of these steps poses challenges in air sensitive devices. Typical vdW stacking methods

relies on high heat to control polymer adhesion57,131, and the polymer must be subsequently

washed away in solvents. Lithography relies on polymeric resists, which must be written in com-

plex and bulky electron beam- or photo-lithographywriters. Plasma etchers expose the sample to

harsh chemical environments. Physical vapor deposition systems often heat up the sample. Fi-

nally, thewire bonder used to connect the finished device to the chip carrier is difficult to operate,

and usually found in air.

We have developed a set of device fabrication techniques tailored to BSCCO. Together, these
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Pre-evaporated contacts
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Figure 4.1: General vdW Device Fabrication Procedure. vdW device nanofabrication generally consists of five
steps: stacking, lithography, deposition, etch, and packaging. Multiple lithography/deposition and etch steps may
be required to yield a working device. Pre-deposited contacts may also be used as bottom contacts, for vdW stacks
to place on top.

techniques allow us to stack arbitrary van der Waals materials, evaporate metallic contacts, and

etch the devices into arbitrary shapes – all the essential steps required formaking standard van der

Waals heterostructures – all within an inert gas environment andwithout any heating. The essen-

tial idea is two-fold. First, wemove lithographic steps onto an optically transparent, yet mechani-

cally robust, siliconnitridemembrane. This allows the use of standard lithographic techniques to

etch holes into themembrane, and then transferring the pattern onto the BSCCO substrate. Sec-

ond, we discovered that polydimethylsiloxane (PDMS) – a soft, rubber-like polymer – becomes

extraordinarily sticky close to its glass transition temperature near−100◦C134, as its rigidity near

and below Tg significantly increases surface adhesion135. This allows us to control the transfer

stamp adhesion with temperature, just like the standard pickup polymers such as polycarbonate

(PC) and poly(propylene carbonate) (PPC)56, but at lowworking temperatures andwithout the

need to clean the melted polymer using solvents. Together, these techniques allow us to fabri-

cate a large variety of vdW heterostructures with any sensitive vdWmaterial down to monolayer

thickness.
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ba c

Figure 4.2: a. Transfer station liquid nitrogen cooled stage, with microscope above and manipulator arm in back-
ground. b. High resolution optical microscope. c. Atomic force microscope.

4.2 High Gas Purity in a Glovebox

In order to assemble our devices in an inert environment, we miniaturized our laboratory’s es-

sential fabrication tools to fit inside an argon glovebox. First, the glovebox (MBraun MB-200B)

filters out solvents, water and oxygen from the argon medium, establishing an oxygen and water

concentration below 100 parts per billion (ppb). In order to fabricate van derWaals heterostruc-

tures, we outfitted the glovebox (fig. 4.2) with a probe station (modified Signatone S-1160 with

motorized and liquid nitrogen cooled sample stage), atomic force microscope (NanoSurf Flex-

AFM), microscope (Nikon Eclipse LV100), −40◦C sample freezer, and attached vacuum an-

nealer, oxygen plasma etcher, evaporator and argon ion mill (AJA).

An argon gloveboxworks by creating a hermetic environment filledwith pure argon gas. Com-

pared to ultra-high-vacuum chambers, they allow direct handling ofmaterials and equipment by

hand through a thick butyl glove, at the cost of higher contamination levels. The best commer-

cial gloveboxes are usually rated to about 100 parts per billion (ppb) level contamination, which

correspond to a partial pressure of about 10−5 mBar. We strive to minimize the contamination
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Figure 4.3: Baking the substrate is crucial in eliminating water contamination. BSCCO exfoliated on unbaked
wafers are covered in spots, and are electrically insulating at low temperature. With mildly baked substrates, a su-
perconducting transition is visible, but there is a pronounced reentrant feature below TC, and resistance only truly
vanishes at low temperature. Samples prepared on thoroughly dried substrates do not suffer from this problem.

level far below this value.

Objects are brought into the box through an airlock, where the gas is evacuated to about 50

mBar using an oil-free scroll pump and back-filled with argon four times. To minimize out-

gassing, porous and hydrophillic materials such as paper, glass and foams are eliminated. Plastics

are also minimized. We pressurize the box to 3-10 mBar over atmospheric pressure so that small

holes leak outwards. A gas circulation system continuously blows the glovebox gas into purifiers,

which continuously removes water and oxygen, as well as other polar molecules and solvents.

Our sample substrate is the first major source of contamination, and substrate preparation

was crucial. We used highly doped silicon wafers with 285 nm oxide layer. After sonicating the

substrates in acetone and isopropyl alcohol, we bake the substrates on a hotplate (in argon) at

275◦C for more than one day in order to completely dry off any adsorbed water136. Shorter

baking times resulted in reproducible artifacts in the resistance-temperature data belowTc, while

unbaked substrates yielded insulating BSCCO with spots clearly visible under the microscope

(see figure 4.3).

To further reduce contamination, it is necessary to obtain the highest purity argon environ-

ment possible. Our glovebox continuously blows argon gas through purifiers, which consist of

columns of 13X zeolite molecular sieves (solvent purifier), followed by molecular sieves mixed
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Figure 4.4: Molecular sieve isotherm. Equilibrium isotherms for Grace Davison Sylobead 13X zeolite molecular
sieves137. In standard operation, the purifier molecular sieves adsorb water following the orange line in the direction
shown. The equilibrium gas purity decreases accordingly. When the purity is intolerably low, the purifier is heated
up to a higher temperature, under flowing argon, where water is released to the regeneration gas. Finally it is cooled
down to room temperature to cool. The orange lines are somewhat exaggerated vertically, as our typical glovebox
purity is under 0.1 ppm.

with copper catalysts (water and oxygen purifier). The copper catalysts are readily oxidized by

O2, chemically trapping the contaminant. A saturated catalyst may be regenerated by baking it

near 300 ◦C under flowing 5% hydrogen gas, which reduces the copper oxide and releases water

vapor.

The zeolite molecular sieves adsorbs polar molecules like H2O and CO2, and behaves like a

cryopump but operating at room temperature. Figure 4.4 shows their equilibrium isotherms as

a function of molecular sieve water load and the equilibrium water vapor partial pressure in the

gas stream. While purifying, potentially contaminated argon gas flows through molecular sieve
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column, and water is adsorbed. The water vapor partial pressure at the purifier outlet arrives at a

point on the isothermnear room temperature, which steadily increases as themolecular sieves are

increasingly loaded with water. Once the purity is unacceptably low, the purifier is regenerated

by heating the purifier column to high temperature, where water is released to a dry argon gas

stream, andmolecular sieve capacity is decreased. The purifier is subsequently cooled down, and

returns to purifying operations.

Figure 4.4 shows that, like a cryopump, molecular sieves’ adhesion to water strongly increases

when it is cooled. We have thus modified our purifier with an external cooling, heating and ther-

mal insulation. We coiled 1/4” copper tubing around each purifier, and fixed them in place with

a thermal transfer compound with maximum operating temperature of 400 ◦C (Chemax Corp.

Tracit-300,McMaster 3568K1). When extremely pure argon is required, we flow liquid nitrogen

through this copper line to cool the purifier to about -40 ◦C as argon flows through. Next, we

wrap heater tape around the purifier, with which we boost the regeneration peak temperature

from about 150 ◦C to 275 ◦C to further dry out the molecular sieves. Finally, we surround the

purifiers with a fiberglass blanket for thermal insulation.

BSCCO is especially reactive to water, and we customized our glovebox to monitor and min-

imize water contamination. We have taken special care to minimize leaks into the glovebox. By

filling the glovebox with helium tracer gas and using a sniffing helium leak detector, we detected

the largest leaks around the glove/window interface, followed by diffusion through the gloves,

and finally at the window/glovebox seal. We can reduce leaking at the glove cuffs by gluing butyl

gloves to the plastic glove attachment with Celvaseal (Myers Vacuum), a transparent adhesive

developed for repairing small leaks in vacuum chambers, and then taping the glove/attachment

seam with electrical tape.

Molecular diffusion through the butyl glove ismore difficult to eliminate. Tominimize this ef-

fect, wemade glove covers bywelding (using a soldering iron) a 0.004” thick lowdensity polyethy-

lene sheet (McMaster 8593K71) into a cylinder open at one end, and fitted it around the glove
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using a large O-ring. A plastic tube passes through the opening, through an improvised putty

feedthrough. When the glovebox is put on standbymode, the bag is initially evacuated, and then

filled with dry nitrogen gas. This eliminates water diffusion through the gloves whenever they

are idle.

The argon gas supply cylinder and its gas delivery lines can also be a source of contamination.

Briesacher, Nakamura and Ohmi138 demonstrated that a short length of plastic 1/4” tubing in-

creased contamination from the ppt to ppm level. We have replaced all gas supply lines with

stainless steel tubing and Swagelok VCR or Swagelok compression fittings, including lengths of

rubber and plastic tubing inside the purifier. We use Research grade argon cylinders, with< 0.3

ppmwater as our argon source, except during purifier regeneration, where we use ultra high pu-

rity argon with< 1 ppm of water impurities.

Our glovebox uses gas-actuated valves to control argon flow in the purifier loop. By default,

the pressurized gas used to actuate these valves comes from the main argon supply cylinder. In

order to eliminate long lengths of plastic tubing used to link such valves together, as well as to

eliminate a measurable leak at each valve’s actuation mechanism, we broke this gas line from the

main, clean argon supply to a separate high purity argon cylinder (< 3 ppmwater). This gas only

serves to actuate pneumatic valves, and does not mix with the glovebox working gas.

In order to connect our instruments to electronics outside the glovebox, we use high-vacuum

compatible ceramic feedthroughs whenever possible. We find that epoxy potted cables are ac-

ceptable when feedthroughs are not available. For cables inside the glovebox, we use fluorinated

ethylene propylene (FEP) jacketed ribbon cables for motors and low-frequency signal cables,

and Kapton coated wires for power cables. We use polypropylene wire nuts to connect power

cables together inside the glovebox. We are unable to replace the standard cables used in high-

performance data cables such as USB-3 with low-outgassing alternatives.

In order to measure water concentration below the 100 ppb detection sensitivity of the glove-

box electronic sensor, we simply cool a pre-baked, solvent cleaned silicon substrate under an op-
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Figure 4.5: Glovebox impurity measurement a. Water impurity level as a function of frost point. Our glovebox
usually performs within the green region. b. Time for monolayer of molecules to build up, assuming perfect
adhesion to substrate at each interaction. Typical performance is highlighted with our glovebox and with a UHV
system.

tical microscope. By measuring the precise temperature at which water first condenses onto the

cold substrate, we extract the argon frost point which sensitively depends on the water concen-

tration139. This is similar to the operation of frost-point hygrometers140. Together, we readily

achieve a frost point between -120 to -100 ◦C, correspoding to water concentration below 10

ppb.

4.3 Glovebox Instruments

Central to our workflow is the motorized probe station (fig 4.2d). Here, the sample can be posi-

tioned beneath amechanical manipulator holding either a PDMS transfer stamp or stencil mask,

and aligned under the guidance of a longworking-distance opticalmicroscope (Mitutoyo FS-70).

We perform all vdW stacking, as well as stencil mask alignments, on this apparatus. We took spe-

cial care to ensure that the sample stage coolant lines would not leak to the argon environment.

A set of two flexible stainless steel coolant lines (Swagelok) brings liquid nitrogen coolant to the

sample stage and back out to the lab, without cracking at cryogenic temperatures. Swagelok con-
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nectors are used throughout to eliminate leaks to the argon environment. Heaters and a T-type

thermocouple completes the temperature controlmechanism. To combatmechanical vibrations,

the probe station floats on top of a spring-based vibration dampener (Minus-k). A flexible stain-

less steel vacuum line with ultimate pressure of about 20 mBar holds the sample down on the

stage.

Connected to our glovebox is an integrated evaporator system, capable of electron beam and

thermal evaporation, sputtering, and argon ion milling in the same vacuum chamber. We typi-

cally achieve a background pressure< 5×10−8mBar, after coating the chamberwith a thin layer

of Cr. A separate chamber is configured for rapid thermal annealing and oxygen plasma etching.

We decouplemechanical vibrations between glovebox and evaporator using a large diameter rub-

ber tube.

We modified our evaporator specifically to minimize heating in cuprate samples. First, we

chose one of the smallest possible thermal evaporation sources (RDMathismodelME17-.030W-

AO) to minimize sample heating and to minimize stencil mask shadowing, which worsens res-

olution. Second, we re-positioned our thermal source, so that it sits perpendicular to the plane

of the tilting sample holder. This is necessary because the stencil mask is typically 50 µm from

the sample, and if the line of sight between source and sample is not perpendicular to the sample

(as is the microscope optics), then the evaporated pattern will be offset from the expected posi-

tion in themicroscope. Next, in order to isolate vibrations from evaporator cryopumps from the

sensitive instruments in the glovebox, the loadlock is connected to the main glovebox through a

rubber connector.

To control sample heating, we fitted our evaporator stage with 6 thermoelectric Peltier coolers

(TE Technology VT-31-1.0-1.3). As designed by the company, the sample stage is cooled to 5◦C

with chilledwater, and is not compatible with liquid nitrogen. We re-designed our sample holder

by adding the Peltier coolers to a cavity milled into a copper piece underneath the sample (figure

4.6). In order tomaximize the temperature difference between sample and the cooling water, the
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Figure 4.6: Peltier cooled evaporator stage. Wehavemodified the integrated evaporator with a Peltier cooled stage
capable of reaching at least -30◦ C.

Peltier coolers are glued to two separate pieces of copper at both the cold and hot sides using a

ultra-high-vacuumcompatible, low-outgassing silver thermal compound (Aremco 641-EV-HT).

Several sheets of PTFE plastic between the hot and cold copper pieces, as well as PTFE washers

underneath the screw heads holding the assembly together, minimizes heat transfer between the

two copper pieces. We achieve a sample temperature below -30◦C.

4.4 PDMS Cryogenic Pickup

The ability tomanipulate vdWmaterials and create arbitrary stacks of high quality56 is the foun-

dation of van derWaals device fabrication. In order to create cuprate devices of high complexity,

a low temperature transfer method must be devised. At the core of every dry-transfer method
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(see130 for a review) is a polymer which deforms under pressure above a glass or melting transi-

tion temperature Tg. Far above Tg, the polymer is flexible and conform to the shape of objects

it is in contact with, at a microscopic level. We take advantage of this fact by first deforming a

polymer slightly above Tg to conform to the shape of the target vdW crystal. Then, cooling the

transfer stamp belowTg, adhesion is enhanced as polymer rigidity is restored, allowing the target

crystal to be picked up135. Then, taking advantage of strong van der Waals forces between vdW

crystals (often of different types with different lattice orientations), subsequent vdW layers can

be picked up underneath the first crystal. Finally, the entire stack is released onto a substrate far

above Tg. The canonical transfer polymers are poly(propylene carbonate) (PPC)56 and polycar-

bonate (PC)57.

For the cuprates, this procedure has two important problems. First, the typical release tem-

perature is just above the polymermelting transition at 80◦C and 200◦C for PPC and PC respec-

tively. Second, after release, the substrate is covered in a thick layer of polymer which must be

removed in solvent or by high temperature annealing in vacuum.

We discovered that polydimethylsiloxane (PDMS) adheres to 2D materials extremely well at

around -100◦C.Better yet, above -50◦C, adhesion is low enough that stacks can be easily released,

but without the polymer melting. This simple discovery is at the core of our cryogenic pick-up

technique. In retrospect, this is not surprising – Tg for PDMS is around -123◦C134.

PDMS is well known as a medium for ”transfer printing”141 and specifically for dropping off

vdW materials pre-exfoliated to PDMS directly from tape132. At and above room temperature,

adhesion to PDMS is too low to overcome a vdW crystal’s adhesion to the substrate. By lowering

the temperature towards Tg, the adhesion of PDMS is greatly enhanced, and we can arbitrarily

pick up exfoliated vdW crystals.

We prepare our PDMSusingDowCorning Sylgard 184with a 10:1mix ratio between precur-

sor and crosslinker. The preparation ismixed and degassed, poured onto a flatmold, and cured at

60◦C overnight. The 1 mm thick blocks are cut out and placed onto a hot glass slide pre-heated
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to 300◦C for 10-20 minutes to promote adhesion, so that it does not fall onto the substrate dur-

ing transfer. Finally, the stamps are placed into the glovebox and baked at 200◦C overnight, to

remove adsorbed water.

To manipulate vdW crystals, we simply adhere the corner of our PDMS onto our crystal us-

ing our manipulator at -80◦C, and cool the substrate to -100◦C. While cold, we lift the transfer

stamp. It is important that only a small area is in contact with the substrate, otherwise the silicon

wafer may detach from the stage due to the high substrate adhesion to the stamp. We can then

either pick up additional vdW crystal layers, or release the stack onto the substrate above -50◦C.

It is important that these procedures be done inside a water-free environment, or else the sample

would be coated with frost.

4.5 StencilMask

To avoid solvents and resists in the fabrication process, we have developed a simple, yet high-

resolution stencil mask technique, shifting the lithography process onto a silicon nitride (SiN)

membrane. SiN coated silicon wafers were purchased fromNova ElectronicMaterials, with 500

nm LPCVD grown low-stress SiN layers on both sides of a 300 µm silicon core. The process

for exposing a suspendedmembrane is illustrated in figure 4.7. Using photolithography (Shipley

1805 photoresist), we etch away SiN inside a square window 624 or 924 µm in size with edges

aligned to the flats of the silicon wafer, for suspended SiN square windows about 200 and 500

µm in size respectively. The exposed silicon core was then removed using a potassium hydroxide

solution at about 75◦C, suspending the SiNmembrane on the opposite side of thewafer. Finally,

the device contact pattern was written onto the exposed SiN membrane via photolithography

and etched via reactive ion etch. This technique yields a resolution of 1 µm. We may also write

the contact pattern directly on the exposed SiN membrane using a gallium focused ion beam,

achieving a resolution of 200 nm in the evaporated contacts.
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Figure 4.7: a. A photoresist layer was patterned. CHF3 plasma removes the exposed SiN on one side. b. Silicon
underneath is removed, exposing a suspended SiN membrane on the opposing side (c). d. Photoresist again coats
the suspended membrane, and is patterned via photolithography. e. CHF3 removes the exposed SiN and creates
stencil mask holes (f).

Figure 4.8a illustrates the stencil mask alignment procedure. After exfoliation, the crystal of

the correct shape and thickness is identified, and aligned to the pre-fabricated SiNmask under the

guidance of the microscope. Once the mask is in contact with the substrate, the vacuum grease

(Apiezon H or N) glues the two together, and the vacuum suction cups are released. We readily

achieve an alignment accuracy of∼ 1 µm (fig. 4.8b). We then evaporate gold through the stencil

mask. To enable easy handling without touching themask, the substrate is first glued to a copper

or siliconplate. A conical centrifuge tube is thenused to protect the sample awaiting evaporation.

We easily achieve a resolution of 200 nm by using stencil masks written directly using a gallium

focused ion beam (fig. 4.8c-d).

4.6 StencilMask for Etching

The ability to shape samples by etching is another critical capability in vdW device fabrication.

Oneway todo this is touse argon ionmilling142, where accelerated argon atoms abrade the sample

surface. The rigid stencil mask that we use forces our mask and sample to be about 50 µm apart.

This gap allows sputtered material from the sample to re-deposit randomly below the mask. In

order to fix this problem, we developed a new transfer technique for SiN, inspired by Li et al143.

We found that it is possible to detach the SiN from its substrate and adhere it directly on topof the

substrate, where it conforms to the shape of the sample, eliminating the sample-mask distance.

In order to do so, we cut out a square on a dust-free suspended SiN membrane, supported

only by a narrow bridge at each corner. The etch pattern is simultaneously written in the middle
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Figure 4.8: Stencil Mask Evaporation a. Stencil mask alignment. The substrate is placed on a motorized stage,
underneath a transparent silicon nitride (SiN) mask. The mask is held in place using vacuum suction cups on an-
othermotorizedmanipulator. Amicroscope guides themask onto the BSCCO crystal, and the vacuum grease glues
it to the substrate. The vacuum suction cups are then released, and the sample/mask assembly is ready for metal
evaporation. Inset. image of mask aligned to a BSCCO/BN/graphene stack, with pre-fabricated contacts and vias
on the BN layer. Dark lines are holes in SiN. b. Same type of sample after evaporation. c - d. SEM images of gold
evaprated with high resolution FIB masks. Lines in (c) are grains in the thin evaporated gold.

of the square. Next, using a shaped PDMS stamp with four contact points just inside the four

SiN bridges, we pick up the square at low temperature, breaking the bridges. Next, we align the

etch pattern to the device, and release the membrane on the sample substrate. The trick is to

minimize the contact area between PDMS and the sample, such that the minimal adhesion with

the substrate overcomes the PDMS adhesion, which itself must be stronger than the strength of

the SiN bridges connecting the suspended patch to the rest of the wafer.

To etch the samples, we have outfitted our evaporator with an argon ion mill. We etch with

argon ions accelerated to 300 eV and at the lowest possible power which ignites the plasma. We

subsequently remove the mask using a flat PDMS transfer stamp.

A prototypical device is shown in figure 4.9, where multiple leads are placed around a circular

device area shaped by this method. The resulting devices preserves high-temperature supercon-

ductivity.
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Figure 4.9: Stencil Mask for Etch a. Stencil mask pickup. The SiNmembrane on its carrier silicon chip with pre-
cut etch pattern and trenches is placed underneath a patterned PDMS block, where four bumps are aligned with
the SiN bridges at each corner. The mask is picked up at -100◦C, breaking the bridges, and then aligned and placed
on the target device above -50◦C. Van der Waals forces holds it in place. A device is pictured in b. where the yellow
square is the SiN mask, with the etch pattern near the middle. c. shows the finished device after etching and SiN
removal (via PDMS). d. shows resistance vs temperature of the etched device, showing a superconducting transition
reaching zero resistance at 85 K.

4.7 Device Packaging

In order to place a finished sample into a cryostat with electrical connections, we have placed a

wirebonder inside our glovebox (West-Bond 7476E), shown in figure 4.10. The bonder’s pneu-

59



matically activated wire clamp is connected to the argon supply line. We have constructed a cus-

tom sample holder consistingof a large aluminumblock, thermally isolated from thebonder stage

via a PTFE base. We cool the aluminum block to about -100◦C on the transfer stage. The alu-

minum block’s large thermal inertia then keeps our device cold while wirebonding. The ceramic

chipholder is placed on a copper grounding clip, whose copper base is mechanically clipped to

the sample holder, and reaches up to touch the bottom of the ceramic chip holder. After wire-

bonding, we seal the device package using a pre-baked glass cover slip and Apiezon N vacuum

grease.

4.8 Monolayer BSCCO in van derWaals Heterostructures

The electronic properties of monolayer van derWaals materials can often be experimentally con-

trolled via interactionswith its environment. In the case ofmonolayer BSCCO25, oxygen doping

can be changed simply by annealing the crystal near room temperature in the vacuum of a cryo-

stat, making nearly the entire electronic phase diagram accessible in a single device. At the same

time, our twist Josephson junctions in Chapter 8 demonstrates how the inherent freedom in

constructing vdW heterostructures may be exploited to engineer emergent electronic phases at

atomically sharp vdW interfaces.

One experiment that exploits the reduced crystal dimensionality is the measurement of elec-

tronic compressibility144,145,146,147. As fermionic charge carriers are added into a non-interacting

electron gas at zero temperature, the chemical potential μ increases as eigenstates of the Hamil-

tonian are filled up. The relation between these two quantities is the electronic compressibility

κ = 1/n2 · ∂n/∂μ, where n is the number of charge carriers145. For non-interacting fermionic

gases, the compressibility is simply the density of states, but when interactions are turned on,

many-body interactions may modify κ144,146 or even change its sign148,149,145.

The electronic compressibility may be measured via ARPES147, quantum capacitance146, or,
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Figure 4.10: In-GloveboxWirebonder. Image shows wirebonder inside glovebox. Sample is sitting on pre-cooled
sample holder under the microscope (bottom). The image through the microscope is displayed on a thin display
mounted just above the gloveboxwindow. Samplepackage anddevice is visible in themicroscope image. Wirebonder
tip is near the top of the image.

in our case, penetrating electric field148,144. BSCCOmonolayers are just thin enough to be com-

parable to its Thomas-Fermi screening length, so that a weak electric field would penetrate the

screening charge carriers in the monolayer. In order to measure this penetrating electric field, we

place pre-patterned graphene nanoribbons on top of monolayer BSCCO, which is itself on top

of a silicon gate. All three electronic layers are separated from one another with insulating hBN

and SiO2 dielectrics (figure 4.11 c inset).
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Figure 4.11: Electronic Compressibility ofMonolayer BSCCOa. vdWheterostructurewithmonolayer BSCCO
below hBN dielectric layer and pre-patterned graphene nanoribbons. White dashed line marks the monolayer
BSCCO crystal outline. Gold contacts are evaporated through five circular vias in the hBN layer to make electrical
contact to BSCCO crystal beneath. b. Scanning electronmicroscope image of the pre-patterned graphene nanorib-
bons in thewhite square in (a). Graphene nanoribbons are very sensitive to electric fields, and is used here tomeasure
the electric field penetrating the monolayer BSCCO crystal. c. Resistance vs temperature for monolayer BSCCO in
vdW heterostructure. Inset shows device schematic. hBN and SiO2 dielectric layers are hidden for clarity. d. Inset
shows graphene response to an applied gate voltage on the BSCCO layer. This sets up an unscreened electric field at
the graphene layer. e. Preliminary measurement of the electronic compressibility in such a heterostructure.

Our fabrication methods have made it possible to achieve high-temperature superconducting

monolayer BSCCO devices in a van der Waals heterostructure (fig. 4.11c). By mechanically ex-

foliating directly onto a substrate cooled to -35 ◦ C, and immediately cooling down the substrate

during sample preparation, the superconductivity may be preserved. Simultaneously, complex
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pre-fabricated vdW heterostructures may be stacked and lithographically patterned (fig. 4.11 b)

on other substrates using conventional methods, then picked up using the cryogenic transfer

technique and placed over the BSCCOmonolayer. The result is shown in figure 4.11a.

In order to measure electronic compressibility144, we first measure the graphene electronic re-

sistance RG response to an unscreened electric field, applied via a voltage on the BSCCO layer

(fig 4.11d inset). In order to minimize noise, the graphene excitation current is applied using

a lock-in amplifier. Next, we fix the voltage VBSCCO where the slope |dRG/dVBSCCO| is highest.

This reflects the point where the graphene nanoribbon sensor is most sensitive. Finally, we apply

a low-frequencyACvoltage to the silicon back-gate andmeasure the resistancemodulation in the

graphene layer using a double-lock-in method, where the voltage output of the lock-in amplifier

measuring the graphene resistance is fed into a second lock-in amplifier set to the back-gate mod-

ulation frequency. Finally, by comparing the response of the graphene resistance to each gate, we

can extract a number proportional to the inverse electronic compressibility dμ/dn (fig. 4.11d).

In the next chapter, we shall illustrate a powerful technique for in-situ modification of the

doping of a conducting vdW layer in a heterostructure. By drop-casting an air sensitive electrolyte

on top of a vdW device immediately after wire-bonding, we controllably insert an intercalating

chemical species between vdW layers, with consequences in electrical and optical properties.
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Let’s be experimentalists.

Ken S. Burch

5
Controlled Electrochemical Intercalation of

Graphene/h-BN van der Waals

Heterostructures

Electrochemical intercalation is a powerfulmethod for tuning the electronic properties of layered

solids. In this chapter, we report an electrochemical strategy to controllably intercalate lithium

ions into a series of vanderWaals (vdW)heterostructures built by sandwiching graphene between

hexagonal boron nitride (h-BN). We demonstrate that encapsulating graphene with h-BN elim-

inates parasitic surface side reactions while simultaneously creating a new heterointerface that

permits intercalation between the atomically thin layers. To monitor the electrochemical pro-

cess, we employ the Hall effect to precisely monitor the intercalation reaction. We also simulta-
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neously probe the spectroscopic and electrical transport properties of the resulting intercalation

compounds at different stages of intercalation. We achieve the highest carrier density> 5× 1013

cm−2withmobility> 103 cm2/(V s) in themost heavily intercalated samples, where Shubnikov-

de Haas quantum oscillations are observed at low temperatures. These results set the stage for

further studies that employ intercalation in modifying properties of vdW heterostructures.

5.1 Introduction

Graphite intercalation compounds (GICs) exhibit a variety of interesting properties that differ

significantly from semimetal graphite150. For example, CaC6 and YbC6 display superconduc-

tivity151, while Li0.25Eu1.95C6 and EuC6 exhibit ferro- and antiferromagnetic ordering, respec-

tively152. Intercalation compounds also represent technologically significant materials. LiC6 is

the prototypical anode material in Li ion batteries. By analogy to these bulk graphite intercala-

tion compounds, the intercalation of few-layer graphene has also been realized153,154,155. Upon

intercalation of Li, the optical properties of few-layer graphene crystals (with thicknesses down

to 1 nm) change significantly153, Ca-intercalated few-layer-graphene is superconducting154, and

FeCl3 intercalated bilayer graphene showed a hint of ferromagnetism155. In addition, there have

been theoretical predictions that heavy doping and proximity induced spin-orbit coupling from

certain intercalants may induce exotic electronic properties in the graphene channel156.

Recently, it was demonstrated that one can stack different van der Waals (vdW) atomic lay-

ers to form vdW heterostructures, creating a new generation of few-atomic layer functional het-

erostructures with emergent properties12,33. In particular, graphene encapsulated by h-BN, a lay-

ered insulator, forms a vdW heterostructure where the two dimensional (2D) graphene channel

is well isolated from the environment12. As in intercalation compounds of bulk vdWmaterials,

the intercalation of vdWheterostructuresmay create a new generation of functional heterostruc-

tures with emergent properties. Furthermore, the use of h-BN protecting layers may enable the
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formation of stable intercalation compounds that differ significantly from the bulk intercalation

compound due to the presence of two dissimilar surfaces at the heterointerface157.

Compared to traditional intercalation methods for van der Waals materials, these synthetic

h-BN/graphene vdW heterostructures present several challenges for intercalation. For exam-

ple, bulk alkali metal intercalated vdW crystals are chemically highly unstable, prohibiting sub-

sequent exfoliation into few-atomic-layer intercalated nanocrystals. Conversely, conventional

chemical intercalation methods involve highly reactive reagents and high temperatures150, often

incompatible with microfabrication procedures for electronic device characterization. Another

challenge associated with electrochemical intercalation of atomically thin vdW heterostructures

stems from the difficulties in measuring the sub-picoampere electrochemical currents produced

fromatomically thin vanderWaals structures havingmicron-size lateral dimensions. Such a small

current can easily be dominated by current contributions from parasitic reactions occurring in

the electrolyte, precluding the use of standard electrochemistry techniques such as cyclic voltam-

metry.

Our strategy to overcome these hurdles was to employ an electrochemical technique on a pre-

fabricated mesoscopic electrical device, thus replacing conventional molten metal reagents with

a relatively inert electrolyte, and using the applied bias to deliver a controllable driving force. We

demonstrate (i) that h-BN is an effective passivation layer for 2D devices with respect to electro-

chemical degradation; (ii) the formation of a prototype heterostructure intercalation compound

and show for the first time the insertion ofLi ions into the interface between single-layer graphene

and h-BN crystals; and (iii) the use of the Hall effect to monitor the progress of intercalation as

a function of applied bias, rather than standard voltammetry methods158. Our approach is not

restricted only to graphene/h-BN heterostructures, or only to the intercalation of Li; it can be

generalized to a wide range of heterostructures, opening the field to a new system of intercala-

tion compounds61.

In our experiment, we usemechanical exfoliation followed by van derWaals dry assembly tech-
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Figure 5.1: Schematic of the Hall bar device. a. A h-BN/graphene/h-BN heterostructure is patterned into a
Hall bar with edge Cr/Pd/Au (2/15/60nm) contacts. A channel is left open at the entrance of the Hall bar to allow
interactions with the electrolyte. An AC current is applied across the device in a 0.5 T magnetic field, inducing a
transverse Hall voltage across the device. The Hall voltage is used to monitor the intercalation reaction.(b) Optical
micrograph of a representative heterostructure device before electrolyte deposition. Note that all electrodes are cov-
ered with SU-8 photoresist, leaving only an edge of graphene in contact with the electrolyte. (c) The solid polymer
LiTFSI-PEO electrolyte is dropcast over the Hall bar device (working electrode) shown in part a as well as a Pt pseu-
doreference electrode and counter electrode. To drive the electrochemical reaction, a voltage is applied between the
counter electrode and working electrode, and the intercalation voltage is measured versus a Pt pseudoreference.

niques131 to fabricate vdW heterostructures, using monolayer (1LG) or bilayer (2LG) graphene

sandwiched between ∼30 nm thick h-BN crystals. The vdW stacks are then shaped into Hall bar

geometries, with only thewell-defined graphene edges in the vdWstack exposed to the electrolyte.
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Intercalation is thus only allowed from the edge of the sample (Figure 5.1b). Using this tech-

nique, we can unambiguously and directly observe the reversible doping of graphene as Li ions

intercalate and de-intercalate the h-BN/graphene interface, despite any side reactions that take

place at electrolyte-exposed conducting surfaces. Figure 5.1 depicts the basic design of our elec-

trochemical cell. Here, we use the graphene channel as a working electrode. The graphene chan-

nel itself is electrically contacted by gold electrodes using the edge contact method131. All gold

contacts and wires in our devices are covered with a passivating SU-8 layer written at 2 μC/cm−2

at 30 keV that is both electrochemically inert and electrically insulating. This simultaneously

protects the Au from corrosive reactions occurring at high voltage and limits the number of side

reactions occurring in the cell. The device includes a Pt counter-electrode and a Pt pseudorefer-

ence electrode.

Wecover thewholedevicewith a solid electrolyte composedof lithiumbis(trifluoromethane)sulfonimide

(LiTFSI) vacuumdried at 180 ◦Csuspended in a BHT inhibitor free poly(ethylene oxide) (PEO)

matrixwithmolecularweight 100,000g/mol. Bothpowders aremixed at 1:38 ratio (PEOmonomer

units : LiTFSI) and dissolved in acetonitrile pre-dried in 4 Å activated molecular sieves. The so-

lution is drop-cast by hand using a micropipette in an argon glovebox with water and oxygen

contamination below 0.1 ppm. The ensuing film was dried at 320 K under vacuum overnight.

To keep the electrolyte free of air contamination, the sample was either mounted to the sealed

cryostat directly inside an argon glovebox (for the microscopy cryostat), or the sample package

(a ceramic DIP-16 chip carrier) was sealed using a glass cover slip glued to the sealing ring using

Dow Corning vacuum grease. This cover was able to protect a sensitive chemical indicator for

oxygen from air (under ambient conditions) for about 72 hours.
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5.2 In-Situ Electrical Control of Electrochemical Intercalation

To control the intercalation progress, wemonitor intercalation in real time usingHall effectmea-

surements (with a small applied magnetic field of 0.5 T), simultaneously probing the electrical

transport properties and the charge carrier density of the crystals as Li ions are inserted158. Using

this technique, we can unambiguously observe the reversible doping of graphene as Li ions inter-

calate and de-intercalate the h-BN/graphene interface. Figure 5.1b shows an optical microscope

image of a typical device used for the experiment. To facilitatemagneto-transportmeasurements,

the graphene heterostructure is patterned into a Hall bar geometry. Note that the standard Hall

bar geometry is modified slightly, with the source contact at the end of theHall bar split into two

on the far side of the device, so that the corresponding etched edge can be exposed directly to the

electrolyte.

In order to drive the electrochemical reaction, weused aKeithley 2400 SourceMeter to provide

the electrical potential to the Pt counter-electrode, while an Agilent 34401A digital multimeter

set to > 10 GΩ input impedance read back the pseudo-reference Pt electrode potential. The

graphene working electrode was kept grounded. In order to perform the simultaneous resistance

andHall effect measurements, a Stanford Research Systems (SRS) SR-830 lock-in amplifier sup-

plied 1 μA of current at 17 Hz flowing across the Hall bar device. The graphene devices were <

1 kΩ in resistance, therefore the AC contribution to the graphene working electrode potential

was less than 1 mV, significantly less than the electrochemical intercalation energy scale.

Figure 5.2 shows the resistivity and estimated carrier density obtained fromHallmeasurement

for twodevices built from1LGand2LGsandwichedbetweenh-BN. Inboth cases, while the elec-

trode potential is swept toward increasingly negative values at 325 K (i.e., toward more reducing

potential), the graphene channel carrier density increases linearly with the applied voltage, while

the resistance of the sample decreases, consistent with electrostatic gating of the graphene crystal,

through the h-BN dielectric, close to the high-resistance Dirac point159. As we reach a thresh-

69



1012

1L; Device 1

325KEl
ec

tro
n 

D
en

si
ty

 (c
m

-2
)

0 -1 -2 -3 -4 -5
100

200

300
400
500
600

Sh
ee

t R
es

is
ta

nc
e 

(Ω
/□
)

Voltage vs. Pt Pseudo-Reference (V)

Cycle 1

Cycle 1

Cycle 2

Cycle 3

Cycle 1

Cycle 2

Cycle 1

Cycle 3

1013

1014

Device 2

D2

D2

325K
Device 3

2L; Devices 2 & 3

Device 2

0 -1 -2 -3 -4 -5
100

1000
D3

Sh
ee

t R
es

is
ta

nc
e 
(Ω
/□
)

Voltage vs. Pt Pseudo-Reference (V)

El
ec

tro
n 

D
en

si
ty

 (c
m

-2
)

1012

1013

1014

a b

Figure 5.2: Electronic in-situ monitoring of intercalation. Measured electron density and sample resistivity in
intercalating and de-intercalating graphene heterostructures fabricated with (a) single layer graphene and (b) bilayer
graphene. In both cases, on the first intercalation cycle (red), electron density increases linearly at low potentials,
while resistance decreases, consistent with electrostatic gating across the h-BN. Once the electrochemical potential
exceeds a certain threshold, electron density suddenly increases by about an order of magnitude and then saturates,
while at the same time resistance spikes. This suggests the onset of the electrochemical reaction. When the potential
is swept back toward zero (green), the sample de-intercalates at a slightly lower voltage but follows the same general
trend in reverse. In part a, blue and silver traces show subsequent intercalation cycles on the same device, where the
same trend is observed but with a lower threshold voltage. In part b, for the 2LG case, data from a second device is
shown instead (purple), showing an intercalation run to the highest achieved electron density in 2LG. This sample
is intercalated in an optical cryostat sealed directly inside an argon glovebox, minimizing contamination relative to
the other samples sealed in a DIP-16 package using a dried glass coverslip.

old voltage (about -1.4 V for cycle 1 in Figure 5.2a), the carrier density begins to increase at a

significantly higher rate, suggesting the intercalation of Li ions into the heterostructure. At the

same threshold voltage, we observe a spike in the sheet resistance of the device, consistent with a

decrease in the graphene mobility as charged Li ions move into the device.

The exact threshold voltage value varies somewhat from device to device, where contact resis-

tances between the gold contacts and graphene and between graphene and electrolyte change due

to microscopic differences between devices. This results in an ohmic voltage loss between our

heterostructure working electrodes and the Pt pseudoreference. With these sample-to-sample

variations, the typical threshold voltage is between -1 and -3 V.

On the reverse scan, we observe a concordant steep decrease of the charge carrier density asso-
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ciated with a slightly broader maximum in the resistance of the device. We note that deintercala-

tion happens at a lower voltage than the initial intercalation threshold voltage. Immediately after

de-intercalation, our measurements indicate the graphene heterostructures contain more elec-

trons than the pristine device, suggesting that some Li ions remain between the sheets initially.

After holding the device at 0 V overnight (>12 h), the device returns to its fully de-intercalated

state where the residual charge density becomes 1012 cm−2. Subsequently, a second intercalation

sweep in the same geometry reveals a response very similar to the first intercalation. Overall, the

reversibility of the reaction demonstrates that our measurements are not a result of a sudden de-

lamination of the van der Waals heterostructure, which would result in a permanent increase of

electrostatic gating efficiency at all potentials.

In transportmeasurements, wemeasure the homogeneity of the sample bymeasuring theHall

signal taken from different contact pairs along the Hall bar. In Figure 5.3, we plot the sheet re-

sistance taken from pairs of contacts on the left and right sides of the device, and estimated Hall

density taken from pairs of contacts adjacent to each other on the Hall bar, from the first two

intercalation cycles shown in Figure 5.2a. This measurement reveals a uniform sheet resistance

throughout both intercalation cycles, as well as simultaneous increase in charge carrier density.

Above threshold voltage, the estimated density appears to deviate between the two contact pairs.

This is an artifact of the small Hall voltages at high carrier density, since a sweep of the magnetic

field at 250K reveals an identical slope in Vxy taken at the two contact pairs (Figure 5.3 inset),

indicating identical carrier densities in the two regions. Thus, we conclude that the intercalating

samples are kept in equilibrium throughout our experiments.

These Hall potentiometry data demonstrate that the reversible electrochemical intercalation

and de-intercalation of Li ions in the interface between graphene and h-BN crystals is possible.

For 2LG samples, the intercalated Li ions can insert either in the graphene/graphene interface or

in the graphene/h-BN interfaces. Raman spectroscopy is a useful probe to investigate the distri-

bution of intercalation in few-layer-graphene intercalations160,161. Specifically, both the G- and
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Figure 5.3: Uniformity of the intercalating sample. EstimatedHall density and sheet resistance during intercala-
tion ofDevice 1 shown in Figure 5.2a. Solid curves appeared in Figure 2a, while dotted data is taken from an adjacent
pair of contacts. For resistance, these pairs are located on the left and right sides of the device. For Hall data, contact
pair locations are drawn in the cartoon inset, and are located 2.8 μm apart. All data matches very closely, except
for the estimated Hall carrier density after intercalation. Here the difference is due to a constant offset in the Hall
voltage (inset), while the slope remained the same, implying that the carrier density is identical after the intercalation.

2D peaks of graphene (near 1582 and 2700 cm−1, respectively, in pristine graphene) are good

indicators of the charge density in the graphene basal plane161,162.
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5.3 Raman Signatures of Electrochemical Intercalation

We performed in situ Raman spectroelectrochemistry to further confirm that Li ions can inter-

calate the graphene/h-BN interface. Figure 5.4 shows the evolution of the Raman G and 2D

peaks of graphene as a function of applied cell potential for both 1LG and 2LG samples. The

1LG structure is once again very instructive. As the cell potential increases, the graphene G peak

sharpens and shifts at low voltages due to increasing carrier density in graphene. A fit of the

G peak position in Figure 5.4d suggests that the carrier density increases approximately linearly

with the applied voltage (so that the Fermi energy increases approximately as V1/2
EG ), consistent

with electrostatic gating through the h-BN layer. As the cell voltage approaches the threshold,

the G peak rapidly blueshifts, and both G and 2D peaks subsequently disappear, while the cor-

responding h-BN peak163 at 1370 cm−1 remains visible. This suggests that the graphene layer is

sufficiently doped by the Li intercalant as to be Pauli-blocked, while the h-BN layer remains un-

affected. Comparison with graphite literature161 shows that Pauli-blocking and the vanishing of

the graphite Raman peaks is a signature of stage 1 intercalation in bulk Li intercalated graphite

LiC6. This observation further suggests that Li is coming into direct contact with the graphene,

and supports the notion of graphene/h-BN interface intercalation. Using the excitation laser

wavelength (λ = 532 nm) as a lower bound for the Fermi energy, the graphene was doped to

EF > 1.16 eV, corresponding to a charge density of 9.9 × 1013 cm−2, a very high carrier density

normally inaccessible using electrostatic gating through a thick h-BN crystal alone.

In both the 1LG and 2LG heterostructures, the Raman spectra do not exhibit an apprecia-

ble D peak at 1350 cm−1, which is commonly associated with chemical disorder or damage of

the in-plane covalent graphene bonds165. The absence of Raman D peak during the intercala-

tion/deintercalation process suggests that the Li ions are inserted into the graphene/h-BN in-

terface without damaging the in-plane bonds between the carbon atoms, leaving the graphene

lattice itself intact. Furthermore, Raman spectra taken on the same device through multiple cy-
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Figure 5.4: Raman in-situ monitoring of intercalation. (a-c) Representative Raman spectra demonstrating the
evolutionof theGand2Dpeakswith appliedpotentialwhile theh-BNpeak remains constant for 1LG(a, c) and2LG
(b) encapsulated in h-BN. The electrolyte fluorescence background is subtracted from all Raman spectra, and the
spectra are offset for clarity. Note the gradual blue-shift in the graphene G peak. Beyond the threshold intercalation
voltage, all graphene spectroscopic signatures disappear. Dirac cones show, schematically, the doping of the graphene
crystal and subsequent Pauli blocking. The relative intensities of the peaks differ from optical interference effects164
arising from differences in the heterostructure thickness, due to the choice of h-BN crystals. (d) G-peak position
measured from the spectra shown in part c as a function of applied voltage for 1LG encapsulated in h-BN. Note the
sudden change inGpeak position, showing that the graphene had suddenly intercalated after reaching the threshold
voltage. The threshold voltage in parts c and d was higher than other devices because the contact resistance between
gold and graphene was abnormally high in this particular device.

cles (Figure 5.4a,c) demonstrate the reversibility of the Raman behavior. The graphene Raman

peaks reappear whenwe reach a threshold voltage during the reverse cell potential scan. A second
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intercalation cycle produces similar Raman spectra as the first cycle with the G peak shifting as a

function of gate potential.

The 2LG structure undergoes two forms of intercalation: at the graphene/graphene interface

and at the graphene/h-BN interface. We observe behavior in Raman that cannot be ascribed

solely to intercalation of the graphene/graphene interface (Figure 5.4b). In bulk graphite, stage

2 behavior (LiC12), which denotes that only one side of each graphene layer is occupied by the

intercalant, is characterized by a broadened, blue-shifted, but nevertheless present G peak161. In

our 2LG device, the Raman G and 2D peaks both disappear at high voltage (while the h-BN D

mode remains unchanged), indicating doping beyond the C6LiC6 stage (> 3 × 1014 cm−2) for

each layer of graphene.

5.4 Electrical Properties of the Lithiated Graphene/h-BNHeterostructure

The cycling Hall measurement described above was performed at slightly elevated temperature

(325 K or 52 ◦C) to enable simultaneous monitoring of the carrier density during the interca-

lation process. We also performed low temperature transport characterization of intercalated

samples. For this experiment, the intercalated device was cooled quickly (at a cooling rate of 10

K/min) while holding the applied cell potential. It is known that Li ions become immobile in the

PEOmatrix when cooled below the polymer glass transition temperature ofTg ≈ 200 K. Below

Tg, all electrochemical processes are completely frozen out and no de-intercalation processes oc-

cur evenwhen the cell potential is brought back to 0V. This allows us to create stable intercalated

vdW heterostructures.

With the samples frozen at a predefined electrochemical potential, we measure the Hall volt-

age as a function of the applied magnetic field. We find that the electron density of the 1LG

heterostructures saturates around a maximum of 7× 1013 cm−2, although the exact value varies

between devices andmaximum applied electrochemical potentials. On the basis of density func-
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Figure 5.5: Low temperature transport properties of intercalated heterostructures. (a) Measured Rxx as a
function of B−1 in a 1LG device with Hall carrier density 4.0 × 1013 cm−2 at 1.8 K. Periodic SdH oscillations
are visible. The inset shows the Fourier transform of SdH, indicating a peak corresponding to the carrier density
(3.66 ± 0.08) × 1013 cm−2. (b) Rxx as a function of B−1 in a 2LG device with Hall carrier density 5.8 × 1013
cm−2 at 1.8 K. The inset shows the Fourier transform of SdH, indicating two peaks corresponding to the carrier
densities (1.07 ± 0.01) × 1013 and (4.84 ± 0.01) × 1013 cm−2. (c) Resistivity of intercalated 1LG (blue) and
2LG (red) heterostructures at cryogenic temperatures, showing metallic behavior. (d) Electron mobility vs electron
density frommultiple intercalated 1LGdevices, cooled to below10K.The line is a guide to the eye showing a general
decrease of mobility after increasing intercalation.
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tional theory (DFT) calculations suggesting that each intercalating Li ion donates 0.88 electron

charge to the conducting graphene system157, we calculate a Li:C stoichiometric ratio of approx-

imately 1:60, about 1/10 of the electron density of stage 1 Li intercalated bulk graphite. This

ratio is smaller, yet consistentwith ourDFT calculations suggesting an upper bound of Li:C stoi-

chiometry 1:20 in h-BN/graphene/h-BN sandwich structure. Overall, this data indicates that the

graphene/h-BN interface is far less amenable to hosting Li atoms than two neighboring graphene

planes.

The intercalationprocess injects a largenumberofLi ions into the graphene/h-BNheterostruc-

ture. At the Li densities achieved here, the Li atoms are likely to be distributed randomly relative

to the graphene lattice, creating scattering sites for the conducting electrons in graphene158. Cor-

respondingly, we observe a large decrease in mobility after intercalation, from 200000 cm2/(V

s) readily achieved in clean 1LG devices to approximately 1500 cm2/(V s). Despite this rela-

tively lowmobility value, we observe Shubnikov-deHaas (SdH) oscillation ofmagnetoresistance

Rxx as a function of applied magnetic field B at 1.8 K (Figure 5.5a). The observed SdH oscilla-

tions in intercalated 1LGheterostructure exhibit a single period oscillation inB−1 (inset in Figure

5.5a). Assuming spin and valley degeneracy of 1LG, the density estimated from SdH oscillation

is 4× 1013 cm−2, in agreement with the density measured from the Hall measurement.

Similarmeasurements performed on 2LGheterostructures revealed themaximumcarrier den-

sity up to 5.5× 1014 cm−2. By assuming that the carrier density of the graphene/h-BN interfaces

in 2LGmatches that of the 1LGheterostructure (7×1013 cm−2), we can estimate an electronden-

sity in the graphene/graphene interface of 4.8×1014 cm−2. This data indicates that the graphene-

graphene interface can host significantlymore Li ions than the h-BN/graphene interface in agree-

ment with our DFT calculation.

SdH oscillations are also visible in the 2LG devices but only if the electron density is kept low

(< 6 × 1013 cm−2) by keeping the cell potential close to the threshold before the cooldown.

As shown in Figure 5.5b, the SdH oscillations show two distinct frequencies, unlike the 1LG
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case, corresponding to conduction in two separate bands. Two similar SdH oscillation frequen-

cies have been observed in electrolytically gated bilayer graphene samples166 suggesting different

populations in the lower andhigher subbands of 2LG. In our experiment, the total carrier density

in both bands matches with the value derived fromHall data.

Finally, we discuss the temperature dependent transport in the intercalated compound. For

thismeasurement, we slowlywarmup the samples (at 5K/min)undermagnetic field andmeasure

Rxx and Hall resistance Rxy of the samples to obtain the density and mobility of the samples at

different temperatures. Figure 5.5c shows thatRxx increases monotonically for 1LG and 2LG as

temperature increases, indicatingmetallic behaviors of both samples. We note that bothmobility

and density typically remain approximately constant below 200 K. However, when the interca-

lated devices are warmed above the polymer Tg, chemical reactions resume as a function of the

cell potential. We note that the electron mobility decreases significantly at higher temperatures

and at higher doping. At the highest carrier density of 5.5 × 1014 cm−2 for 2LG, the electron

mobility decreases to 18 cm2/(V s) when T < 100 K. An overview of the mobilities attained in

multiple 1LG devices intercalated to different densities is presented in Figure 5.5d. We observe

a general trend in decreasing mobility with increasing intercalation density, consistent with in-

creasing intervalley scattering due to increasing numbers of Li ions associated with the graphene

layer.

5.5 Summary andOutlook

In summary, we have demonstrated the electrochemical intercalation of Li into graphene en-

capsulated between h-BN layers. Passsivation of the device components (graphene surface and

electrodes) prevents electrochemical side reactions that lead to the modification of the sample

surface. Our device platform allows for in situ characterization of the doping level and electri-

cal transport properties as the intecalation progresses. Using our Hall potentiometry method,
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we can not only very precisely monitor the intercalation through Hall effect, but we can also in-

tercalate the galleries in the graphene/h-BN interface. The effect of intercalation into vdW het-

erostructure is most prominent in the 1LG case, where gating effects are not enough to explain

the observed high doping levels in both the Raman and transport data. Our technique enables

the engineering of novel vdW heterostructures with diverse functionality and applications.
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A physicist is an atom’s way of knowing about atoms.

GeorgeWald

6
Spatially Correlated Incommensurate Lattice

Modulations in an Atomically Thin BSCCO

Superconductor

Wereport high spatial resolution, below100nm, scanningnano x-ray diffraction (SnXRD) imag-

ing of incommensurate lattice modulations (ILM) in Bi2.1Sr1.9CaCu2.0O8+y van der Waals het-

erostructures of thicknesses down to two unit cells. We reveal the distinct long-range and short-

range ILMs in a bulk sample and at the surface. We find that the size and mutual orientation of

the puddle-like domains of the ILM are determined by the dimensionality of the system. In the

two-unit-cell sample, the wave vectors of the long- and short-range orders become anticorrelated,

and the emergent spatial patterns have a directional gradient. These emergent patterns imply
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static mesoscopic lattice modulation. Our findings open a route for local strain engineering to

modulate properties of two-dimensional high-temperature superconductors.

sectionIntroduction

High-temperature superconducting cuprate perovskites are composed ofCuO2 layers interca-

lated between charge reservoir layers. The differences between these two structural units give rise

to intriguing andunconventional crystallographic patterns up to themesoscalewhich can control

superconducting properties167,168,169,170,171,172,173,174,175. Although the c-axis period changes from

one cuprate system to another due to different staging of dopants, incommensuratemodulations

along the b axis are common to optimally doped cuprates176,177,178,179,180. The incommensurate

lattice modulation (ILM) gives rise to diffuse scattering beyond the Bragg peaks in diffraction

patterns, as generally occurs for structural ordering in small domains deviating from the order of

the periodic crystallographic structure. In Bi2Sr2CaCu2O8+y (BSCCO), the ILMproduces both

weak-diffuse and sharp-intense satellite diffraction peaks up to high temperatures179,180,181. The

ILM is correlated with the distribution of oxygen interstitials in the SrO182,100 and BiO layers183.

Furthermore, ILM is also correlatedwith the spatial variationof the superconducting gaps173 and

Fermi surface reconstruction184. The inhomogeneous distribution of the ILM can thus change

the spatial distribution of the superconducting gap185 and thus introduce a random field that

breaks electronic nematic orders186,187,188. An interplay between superconducting gap fluctua-

tions, local strain, and dopant distributions has been recently included in percolative models of

high-temperature superconductivity based on which transport data have been reinterpreted189.

Two-dimensional (2D) crystals of superconducting BSCCO is the ultimate realization of 2D

superconductivity at high temperatures190,25. Their high electronic tunability has been demon-

strated via electric-field effects191, as well as by superconductor-to-insulator transition experi-

ments25,27. Hall-effect experiments have shown thedominant role of superconducting andvortex

fluctuations in the electronic transport26. Since the elastic properties of the atomically thin crys-

tals can differ from those in the bulk192, onemay wonder if the properties of the ILMwould also
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change in this extreme 2D limit.

6.1 Imaging the Incommensurate Lattice Modulations in a Bulk Single Crys-

tal

In this chapter we undertake this task using scanning nano x-ray diffraction (SnXRD) imaging

with spatial resolution of 70-100 nm in order to study the evolution of and the interplay between

puddlelike domains of the two types of ILMs at the bulk and atomically thin limits, in fully super-

conducting BSCCO crystals. Our samples are composed of a layered perovskite near optimum

doping with oxygen interstitials (p = 0.16 holes per Cu) subject tomisfit strain193,194,195, with an

orthorhombic structure and incommensurate modulation along the long b axis with the period

(λ/b) ≈ 4.7172,174,179,180,181, where λ is the modulation wavelength and b = 0.547 nm is the

b-axis lattice parameter.

The ILMs are believed to originate from misfit strains between atomic layers in the BSCCO

lattice of different compositions167,168,169,170,171,172,173,174,175. Such strain in the active supercon-

ducting atomic layers modifies electronic properties in parallel to the effects of doping193 and be-

come an important factor controlling the maximum critical temperature in the phase diagram of

many families of high-temperature superconductors, ranging from cuprates193 and diborides194

to the iron-based superconductors195. This implies that in low-dimensional systems the strain

fields can also control the periodic reorganization of charge on distances varying from the atomic

scales196 to mesoscales197,35.

Figure 6.1(a) shows the real-space representation of the lattice modulations in BSCCO, con-

structed using the high-angle annular dark field (HAADF) scanning transmission electron mi-

croscopy (STEM) images taken along the three different crystallographic axes. The results are

combined into a three-dimensional (3D) representation. The observed one-dimensional (1D)

latticemodulation is running along the (010) crystal axis in real space. While these STEM images
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offer a convenient visualization of the crystallographic structure of 2D materials197, the cross-

sectional STEM study on atomically thin samples requires special sample preparation techniques

that may change the atomic structures and cannot provide comprehensible information regard-

ing ILMs in the 2D plane. To avoid these problems, we have visualized the spatial distribution

of the ILMs using SnXRD at the bulk and atomically thin limits. In previous x-ray diffraction

(XRD) studies of BSCCO172,174,179,180,181, the 1D ILM has been reported to have both diffuse

short-range order (SRO) satellites at qs = (0, 0.21, 2n) and long-range order (LRO) satellites

at qL = (0, 0.21, 2n + 1) (where qs and qL are the reciprocal lattice units (r.l.u.) and n is an

integer number) around Bragg peaks. The LRO are 3D ILMs, while the SRO arises from the

stacking-fault interfaces between the LRO domains171,174,179.

The SnXRD measurements combined with advanced analytic tools have proven to be ex-

tremely useful for revealing the spatial correlations between the distinct lattice, charge, spin, and

quenched disorder domains in cuprates99,103,65,200, iron pnictides201, vanadium dioxide202, and

chromium203. However, only a few of these experiments have properly exploited the recent tech-

nological advances in x-ray focusing, which enabled beam sizes below 100 nm198,199. In our ex-

periment we reduce the beam size down to 70–100 nm in order to scan the sample in the a – b

plane with a scanning step of 100 nm in both directions. At each location, we obtain the XRD

corresponding to thewave vector (h, k, l) in r.l.u. within the tightly focusedbeam spots. To study

the ILMs running along the (010) crystallographic direction, we typically record the diffraction

pattern in the h = 0 plane.

The experiment was conducted at the Hard X-ray Nanoprobe beamline (HXN)198, of Na-

tional Synchrotron Light Source II. A microscope setup using zone plate optics199 was used to

provide a sufficient working distance for the Bragg diffraction measurement. The incident 12

keV X-ray beam was focused by a zone plate with 50 nm outermost zone width and 350 μm

diameter together with a central beamstop and the order-sorting aperture (OSA). The sample

crystals were placed at the focal plane and aligned with the horizontal rotational axis. The Bragg
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Figure 6.1: Scanning nano x-ray diffraction of a BSCCO bulk single crystal. (a) Scanning transmission elec-
tronmicroscopy (STEM) image of the BSCCO crystal structure where the atomic structure of the incommensurate
supermodulation is visible in all combinations of the a − b − c crystallographic planes. (b) Schematic diagram of
the SnXRD imaging setup at the Hard X-ray Nanoprobe beamline (HXN) 198,199 at the NLSL-II. An x-ray zone
plate, together with a central beamstop (not shown) and an order-sorting aperture (not shown), focuses the imping-
ing monochromatic x-ray beam with energy 12 keV down to 70 nm. The sample (a BSCCO single crystal) can be
positioned in the beam by accurate translations x − y, while the incidence angle to sample can be controlled by θ
rotation. The diffracted beam is collected by a 2D detector whose image is integrated from a wide-range angular
scan. While the experiment used the horizontal diffraction geometry, we show the rotated schematic to preserve the
same sample orientation as (a). (c) Reciprocal space map around the [002] Bragg peak collected during the rocking
scan. The superlattice reflections due to the LRO and SROdomains of the incommensuratemodulation are visible.
(d) LRO (at k = −0.21) and SRO (k = 0.21) peaks, collected at two different places with tightly focused beam in
the same crystal, along the best fit using a Lorentzian line shape (continuous lines). The central Bragg peaks are also
shown. The cuts are taken where indicated by the labels. The insets show the profiles of the [002], LRO and SRO
peaks along k̂ direction, centered at k = 0, to highlight the different width peaks.
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diffraction peaks were searched by rotating the sample andmonitoring the diffraction signal over

a large solid angle using a CMOS flat-panel X-ray detector (Dexela 1512NDT) mounted about

0.2 m downstream of the sample. We recorded XRD patterns, summing over a series of images

when rocking the crystal around the vicinity of the SRO and LRO peaks. Once the target Bragg

peaks were located, a pixel array detector with smaller pixels (55 um) and higher dynamic range

(Merlin from Quantum Detectors) was used to collected nano-diffraction datasets while scan-

ning the sample with a piezo motor stage with 100 nm step size. We have mapped the samples

by collecting 61 × 21 XRD patterns in Regions of Interest of 2 × 6 µm2. The experimental

setup required to keep the crystal at a fixed 2θ orientation angle. Hence, each diffraction pat-

tern, during the scanning has been collected at a fixed 2θ orientation such as the SRO, LRO and

[002] Bragg diffraction peak were visible. The profiles has been extracted by integrating XRD

intensity along (010) and (001) direction in a selected b∗ − c∗ area covering the peaks (see Fig.

6.1c and Fig. 6.4c) and subtracting the background calculated around the peaks. The XRD

profiles along (010) and (001) directions have been fitted using Lorentzian line shapes and the

obtained fit parameters, Full-Width Half Maximum, FWHMk and FWHMl, and wavevectors,

k and l. Thus, using standard crystallographic analysis, we extracted the coherence lengths along

(010) and (001) direction, ξb = b/FWHMk, ξc = c/FWHMl where b = 0.547(2) nm and

c = 3.070(4) are the lattice parameters. Small incidence beam divergence is neglected in the

analysis of the peaks’ FWHM. The k and l have been used for building the color-maps and the

scatter-plots of wavevectors. A review on the analysis method is shown in204. The preferential

orientations of the puddles, in each δk map, have been investigated by calculating the gradient

magnitude and direction for each δk map (see Fig. 6.6f and Fig. 6.2e). The gradient is calcu-

lated in angles measured counterclockwise from the positive x-axis, corresponding to the (100)

direction in the maps.

Figure 6.1(b) shows the schematic for the SnXRD setup. A large-scale reciprocal space map

is taken by integrating the diffraction patterns over a wide range of incidence angles, measured
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in bulk BSCCO single crystals, while in Fig. 6.1(c) we zoom in on the [002] peak with the sur-

roundingLROandSROsuperstructure peaks. Weobserve that theLROandSROpeak location

along (010) are modulated from spot to spot on the same sample relative to the [002] Bragg peak

position. This is shown in Fig. 6.1(d), where we plot the XRDprofiles along the (010) axis, inte-

grated along (001) in order to simultaneously study the SRO, LRO, and the [002] Bragg peaks,

for two different representative locations on the same single crystal. The scanning has been per-

formedwith the crystal at a fixed orientationwhere the LRO, SRO, and [002] peaks are detected,

in the reciprocal space locations as indicated by the labels in Fig. 6.1(c). TheLROandSROpeaks

change their wave vector k, while the [002] peak remains inside the experimental pixel resolution

Δkexp = 6 × 10−4 r.l.u. The SRO shows a broader distribution with its FWHM≈ 0.025 r.l.u.,

which is about ten times larger than the LRO peak (FWHM≈ 0.0025), as highlighted in the in-

set of Fig. 6.1(d). The coherence length of the ILMs can be quantitatively estimated by standard

crystallographicmethods using the FWHMof the satellite diffraction peaks. We have found that

the LRO satellite reveals a large in-plane domain size ξLROb above 100 nmwhile we have ξSROb = 11

nm for the SRO satellite. The broader elongation of the SRO peaks occurs also along the (001)

axis, indicating the 2D nature of the SRO structures. We do observe that the in-plane domain

size ξb is larger than the out-of-plane domain size ξc for both LRO and SROmodulations. In par-

ticular, we find that the out-of-plane SROdomain size (ξSROc = 4.1 nm) is slightly larger than the

c axis of a single unit cell (c = 3.1 nm), suggesting that SROmodulations are similar to stacking

faults179 arising at the interface between different LRO domains. Furthermore, SRO peaks only

appear around Bragg peaks with l even, implying that these modulations are out of phase with

respect to each other.

We have used SnXRD for visualizing the spatial distribution of the LRO and SRO ILMs in

real space. More precisely, we calculated andmapped theLROandSROwavevector fluctuations,

δk and δl, along the k and l directions, respectively, to visualize ILM textures on the sample. The

wavevector fluctuations are defined as δk = k − k and δl = l − l, where k and l are the wave
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vectors of the superlattice peaks along k̂ and l̂ directions, respectively, measured at each position,

and k and l are the average values of the wavevector measured at all positions. At the same time,

we use the wavevector fluctuations δk and δl for the [002] Bragg peak to characterize and map

the lattice strain. This will allow us to search for any possible links between ILM textures and the

strain map in our study.

Figures 6.2(a) and 6.2(b) show maps of δk for the LRO and SRO. Figure 6.2(c) shows the

probability density function (PDF) of the spatial in-plane LRO (red squares), SRO (black cir-

cles), and the [002] (dashed line) δk fluctuations. The gray rectangle represents the experimental

resolution Δkexp corresponding to a single pixel on the x-ray pixel-array detector. Both the LRO

and SRO show similar PDFs, varying in the range of about 0.007 ∼ 10Δkexp, larger than the ex-

perimental resolution. From the spatial dependence of the SnXRDmeasurements, we also found

that the inhomogeneities of the LRO and SROmodulations in our bulk samples are correlated

to each other. This positive spatial correlation can be seen in the scatter plot of δk fluctuations

of the LRO and SRO shown in Fig. 6.2(d), where we observe that larger LRO corresponds to

larger SROmodulations. This observation indicates a close connection between the distribution

of the SRO domains and inhomogeneities of the ILMs. The LRO and SRO spatial patterns do

not show significant directionality in texture. Figure 6.2(e) shows the directional distribution

of ∇δk for the LRO and SRO, computed from the δk maps. Here we can see that the spatial

variations of δk are isotropic for both LRO and SRO.

In the out-of-plane l direction, we find that the δl fluctuations of LRO and [002] remain quite

homogeneous within the experimental resolution, Δlexp = 0.005 r.l.u, while the map of the

δl fluctuations of SRO shows larger fluctuations (see Fig. 6.3). Hence the positive correlation

between the LRO and SRO inhomogeneities is a 2D structural feature occurring in the â − b̂

plane of the bulk sample. In the bulk sample both δk and δl fluctuations of the [002] Bragg peak

remain below the experimental resolution.
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Figure 6.2: Spatial complexity of the incommensurate lattice modulations along k direction in the BSCCO
bulk crystal illustrated by scanning nano x-ray diffraction maps showing the spatial variation of the propagation
vector δk of (a) LROand (b) SROpeaks. The red (blue) spots correspond to sample regionswith higher (lower)wave
vectors with respect to the average of 0.21 r.l.u. (c) Probability density function of δk calculated from the (red full
squares) LROand (black full circles) SROmaps. We report also the variation for the [002] Bragg peak position along
the k direction, which remains inside the experimental resolution indicated by shadowed rectangle corresponding
to Δkexp = 0.0006 r.l.u for a single pixel. (d) Scatter plot of LRO peak propagation vector deviations vs SRO peak
demonstrating the positive spatial correlation betweenLROand SROmodulations. The gray rectangles correspond
to the experimental resolution Δkexp. (e) Polar plots of the gradient magnitude vs gradient direction of (left panel)
LRO and (right panel) SRO∇δk calculated from the maps in panels (a) and (b).
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Figure 6.3: Spatial complexity of the incommensurate lattice modulations along l direction. Scanning nano
X-ray diffraction maps of the wavevector variation δl of (a) LRO and (b) SRO peaks along (001) direction, in the
bulk sample. The red (blue) spots correspond to sample regions with a higher (lower) wavevectors with respect to
the average of 1 r.l.u. The error bar corresponds to 1 µm. c. Probability density function of δl calculated from the
(red squares) LRO and (black circles) SROmaps. The variation for the [002] Bragg peak along the (001) direction
remains inside the experimental resolution indicated by shadowed rectangle corresponding to Δlexp = 0.005 r.l.u
for a single pixel. d. Scatter plot of LRO peak propagation vector deviations versus SRO peak. The shadowed
rectangles correspond to the experimental resolution Δexp. e. Polar plots of gradient magnitude versus gradient
direction calculated for themaps ofLROandSROshown inpanels (a) and (b). The rotation in gradient calculations
is counterclockwise and the positive x axis is along the indicated (100) direction. We do not observe any preferential
orientation of δl, neither for the LRO and SROmodulations
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6.2 Imaging Incommensurate LatticeModulations in a 2 Unit Cell Crystal

Now we move to exploit the spatial imaging capability of the SnXRD to investigate the spatial

distribution of latticemodulations in atomically thinBSCCOcrystals. In this experimentwe em-

ploy a two-unit-cell (u.c.) thick (6 nm thick in atomic force microscope measurements) BSCCO

sample about 50 µm in lateral size, obtained by mechanical exfoliation. This crystal was subse-

quently encapsulated and protected by atomically thin hexagonal boron nitride (h-BN) crystals.

For atomically thin BSCCO crystals, protecting the crystals with chemically inert h-BN is nec-

essary to form a van der Waals (vdW) protective layer that prevents degradation of the samples.

After creating the hBN/BSCCO heterostructure on the SiO2/Si substrate, we also deposit gold

markers [see Fig. 6.4(b)] necessary for alignment with the hard x-ray nanobeam’s region of in-

terest. Figure 6.4(c) shows the reciprocal space map around the [002] peak collected during the

rocking scan. Despite the 2-u.c. thickness of the atomically thin crystals, both the SRO and

the LRO satellites are detectable [see Fig. 6.4(c)], although their intensity results are reduced in

comparison with the bulk sample. This observation is in sharp contrast to the previous XRD ex-

periments performed on the unprotected BSCCO flakes where no SRO peaks were detected205,

suggesting that indeed the h-BN encapsulation is necessary for protecting the chemical integrity

of the atomically thin BSCCO samples.

Figure 6.4(d) shows the line shape of theLROandSROprofiles along the (010) direction. The

XRD profiles measured at different sample spots show significant differences in width, position,

and amplitude. We find that the LROdomain size, ξbLRO, decreases in atomically thin crystals. At

the 2D limit, ξbLRO becomes equal to 15 nm,which is an order ofmagnitude smaller than the value

of∼ 100 nm obtained in the bulk sample. It is interesting to note that the domain size for the

SRO decreases only slightly from 11 nm in the bulk to 7 nm in the 2-u.c. atomically thin crystals

(see figure 6.5). As the thickness of the sample is only 6 nm, the c-axis structural coherence lengths

are strongly reduced along the (001) direction: ξc becomes about 1 and 2.5 nm for the SRO and
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Figure 6.4: Scanning nano x-ray diffraction of a BSCCO VdW heterostructure. (a) The x-ray beam is focused
on an atomically thin VdW BSCCO heterostructure. We used a similar experimental setup of Fig. 1(b), adding an
x-ray fluorescence detector to locate the sample using goldmarkers deposited on the top of theVdWheterostructure.
The x-ray detector records the diffraction pattern in the illuminated sample area from a cuprate crystal 6 nm thick
(2 u.c.). (b) Optical image showing the gold marker array deposited on top of the vdW heterostructure. Inset shows
a typical fluorescence map of the area in dashed box. (c) A portion of b∗ − c∗ diffraction pattern where the [002]
peak and the superlattice reflections for LRO and SRO incommensurate modulation are indicated. (d) Two typical
LRO and SRO peaks along the k̂ direction, collected at two different places on the same heterostructure. The insets
highlight the δk fluctuations for both LRO and SROmodulations.

LROmodulations, respectively, as compared to 4 and 94 nm in the bulk sample.

Spatial XRD imaging of the SRO/LRO in the 2-u.c. sample reveals the effect of the reduced

dimensionality to the ILMs. Figures 6.6(a) and 4(b) show spatial maps of δk for LRO and SRO

wave vectors, where a different texture appears in comparison with those of the bulk sample. In

order to quantify these textures, we have calculated the probability density function, the spatial
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Figure 6.5: Profiles of the LRO and SROwavevectors along (001) in the bulk crystal and in 2 u.c. thin flake.
Typical LRO (red circles) and SRO (black squares) peaks along the (001) direction measured in the bulk (upper
panel) and in the thin flake (lower panel).

correlations, and the gradient of themaps of δk and δlfluctuations. Althoughfluctuations for the

LRO and SRO show a similar range to what is found in the bulk [Fig. 6.2(c)], the corresponding

probability density function deviates strongly from the Gaussian-like distribution characteristic

of the bulk. The spatial correlations between the LRO and SRO, shown in Fig. 6.6(d), become

anticorrelated, in sharp contrast to observed correlations in the bulk crystal. We also observe di-

rectional textures of the fluctuation pattern in the 2-u.c. flake that is absent in the bulk crystal.

Unlike the bulk sample [Fig. 6.2(e)], Fig. 6.6(e) shows that the angular-dependent∇δk displays

a preferred direction near -90◦, corresponding to the (0-10) direction, where the δk fluctuations

are larger. The negative spatial correlations between the LRO and SRO and the directional tex-

tures have also been found along the (001) direction (see Fig. 6.7). The different correlations

between the SRO and LRO, from the bulk to the atomically thin crystals, are even more evident

by visualizing in-plane δk, as a function of out-of-plane, δl fluctuations (see Fig. 6.8), suggest-

ing a different correlated disorder206 with an emerging spatial pattern appears in atomically thin
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BSCCO samples.
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Figure 6.6: Spatial complexity of the incommensurate lattice modulations in the VdW heterostructure along
k. Scanning nano x-ray diffractionmap of a region of interest showing the spatial variation along the (010) direction,
δk, of the LRO peak (panel a) and the SRO peak (panel b). The red (blue) spots correspond to sample regions with
a higher (lower) propagation wave vector with respect to the average value of 0.21 (green color). (c) Probability
density function of δk calculated from the LRO (red squares), the SRO (black circles), and the [002] peak (dashed
green line) maps. In this case, the variation of the [002] peak exceeds the experimental resolution, Δkexp, indicated
by the shadowed area. (d) Scatter plot of δk for the (black circles) LRO vs SRO showing an anticorrelation between
LRO and SRO. The shadowed rectangles correspond to the experimental resolution. (e) Polar plots of the gradient
magnitude vs gradient direction of (left panel) LRO and (right panel) SRO calculated from the δkmaps shown in
panels (a) and (b). In this case we observe preferential directions of the grain arrangement in the δkmaps along the
(0-10) direction.

A possible explanation for the origin of these differences can be that the misfit strain between

the Bi-O rock salt and the Cu-Sr-Ca perovskite layers193,194,195 could change at a reduced dimen-

sionality. Indeed, we find that the variation of the [002] peak is slightly larger than the experi-

mental resolution Δkexp, as shown in Fig. 6.6(c). This result indicates that the intrinsic strain of
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Figure 6.7: Spatial complexity of the incommensurate lattice modulations in the VdW heterostructure along
l. Scanning nano X-ray diffraction map of a region of interest, showing the spatial variation of δl, for the LRO peak
(a) and the SRO peak (b) in the vdW heterostrucutre. The red (blue) spots correspond to sample regions with a
higher (lower) propagation wavevector with respect to the average value of 1 r.l.u. c. Probability density function
of δl calculated from the LRO (red squares), the SRO (black circles) and the [002] peak (dashed green line) maps.
In this case, the variation of the 002 peak exceeds the experimental resolution indicated by the shadowed area. d.
Scatter plot of δl for the (black circles) LRO versus SRO, showing a negative correlation between LRO and SRO.
The shadowed rectangles correspond to the experimental resolution Δlexp = 0.005 r.l.u. e. Polar plots of gradient
magnitude versus gradient direction of the LRO and SRO calculated from the δlmaps in (a) and (b) panels. In this
case we observe preferential directions of the grains arrangement in the δl maps along the (010) direction for the
LRO (left panel) and along (0-10) for the SRO (right panel) direction.

an atomically thin crystal plays a role in the different spatial arrangements of the incommensurate

lattice modulations. The fluctuations of the [002] peak exceed the experimental resolution Δkexp

just for the 2-u.c. thin sample. This behavior is accentuated along the (001) direction, where
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the [002] peak is clearly larger than Δlexp (see Fig. 6.7). This unusual distribution might indi-

cate some structural instability and the related criticality99,103,65 in the flake and calls for a further

thorough investigation.

Figure 6.8: Correlated disorder arising towards the atomic scale Scatter plot of δl versus δk for (red dots) LRO
and (black dots) SRO. The shadowed rectangles correspond to the experimental resolution Δlexp and Δkexp along
the l̂ and k̂ directions

6.3 Conclusion andOutlook

In summary, highly resolved scanning synchrotron x-ray diffraction measurements around the

[002] Bragg peak on both a bulk sample and an atomically thin BSCCO van der Waals het-

erostructure has enabled us to collect simultaneously (i) SRO, (ii) LRO, and (iii) [002] Bragg

peaks. We have visualized the spatial distributions of the LRO and SRO wave vectors by dis-

playing variations of δk and δl, along the k̂ and l̂ direction, respectively. At the same time, we

have found variations of the wave vector of the [002] Bragg peak to characterize and visualize

the lattice strain maps. Our results shown in Fig. 6.2(c) and Fig. 6.3 reveal that the bulk sample
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does not experience a significant strain since the variation δk and δl of the (002) peak are both

below the experimental resolution. In this case, the LRO and SRO textures comprise randomly

arranged puddles at the nanoscale, as shown in the maps in Figs. 6.2(a) and 6.2(b), respectively,

with no preferential direction. On the contrary, the appreciable lattice strain in the 2-u.c. sam-

ple is seen when both δk and δl become larger than the experimental resolution. In this case,

the LRO and SRO modulations form spatial patterns. The larger strains indicate more intense

electron-lattice interactions; therefore one can expect that in this case, the latticemodulations are

accompanied by the corresponding charge densitymodulations (or charge-density waves), which

arise to maintain neutrality. Then the spatial charge modulations should form the charge mod-

ulation puddles on comparable mesoscales. These are mapped in Figs. 6.6(a) and 6.6(b). The

influence of the mesoscale strains on the mesoscale texture can be depicted by inspecting spatial

correlations between the textures of the LRO and the (002) Bragg peak along both δk and δl di-

rections in Fig. 6.9. In the 2-u.c. sample we observe positive correlations between δk of (002)

and LRO peaks and somewhat larger negative correlations between δl of (002) and LROmodu-

lation peaks. This is expected for multilayered structures where larger fluctuations occur in the

out-of-plane direction. In our case, since the δk fluctuations of the LRO are anticorrelated with

δk of the SRO [Fig. 6.2(d)], there exists a weak positive correlation between the in-plane strain

and the SROmodulation, see Fig. 6.9a.

The observed modulations, which appear to be in concert with the findings of Yu et al.25,

stem from the misfit strain arising from the mismatch between the substrate and thin BSCCO

flakes. These inhomogeneous ILMs may have a profound effect on the electronic properties of

heterostructures. In particular, one may develop a theoretical framework to describe the inter-

action between transport carrier and inhomogeneous ILMs using a similar theoretical technique

adopted for the inhomogeneous charge-density waves interacting with the carriers204. Poten-

tially, this approach can explain the striking observation that the electronic mobility in the atom-

ically thin films is reduced, while the Hall resistance remains intact and does not change much as
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Figure 6.9: Correlations between strain and ILMs at the atomical scale length. (a.) Scatter plot of fluctuations
δk of LRO versus δk of (002). (b) Scatter plot of fluctuations δl of LRO versus δl of (002). The shadowed rectangles
correspond to the experimental resolution Δkexp and Δlexp along the l̂ and k̂ directions.

compared to the bulk value26. Finally, our findings indicate that a fine-tuning of the strain can be

used to control the spatial correlations of the ILMs, providing a route for investigating and con-

trolling correlated disorder171 and its relation to electronic functionality in 2Dhigh-temperature

superconductors.
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The Taylor expansion is how all of physics work.

Erich Poppitz

7
Sign Reversing Hall Effect in Atomically

Thin High Temperature Superconductors

We developed novel techniques to fabricate atomically thin Bi2.1Sr1.9CaCu2.0O8+δ van derWaals

(vdW) heterostructures down to two unit cells while maintaining a transition temperature TC

close to the bulk, and carry out magnetotransport measurements on these vdW devices. We

find a double sign change of the Hall resistance Rxy as in the bulk system, spanning both be-

low and above TC. Further, we observe a drastic enlargement of the region of sign reversal in

the temperature-magnetic field phase diagram with decreasing thickness of the device. We ob-

tain quantitative agreement between experimental Rxy(T,B) and the predictions of the vortex

dynamics-based description of Hall effect in HTS both above and below TC.
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7.1 Introduction

Tunable van der Waals (vdW) structures based on atomically thin superconducting

Bi2.1Sr1.9CaCu2.0O8+δ (BSCCO) crystals enables exploring unconventional electronic properties

of high temperature superconductors (HTS)36. One of the most insightful tools to study prop-

erties of electronic systems is the Hall effect. However, the behavior of Hall resistance in HTS,

in particular its sign change, remains poorly understood. As temperature, T, decreases through

the fluctuation region approaching the transition temperature TC, the Hall resistance decreases

and changes its sign relative to that of the normal state. Then Rxy(T) reverses sign again before

vanishing at low temperatures 207,208.

A rich theoretical lore attributes the Hall anomalies to either vortex pinning 209, details of

the vortex core electronic spectrum 210,211, hydrodynamic effects 212, superconducting fluctua-

tions 213,214,215, Berry phase 216, and charges in the vortex core 217. However, neither the expla-

nation nor the consensus of the Hall behavior in the entire temperature range was achieved. A

comprehensive explanation of the Hall sign reversal appeared in 218, which completely took into

account both topological and normal excitation scattering effects, and especially the fact that the

density of normal excitations at the vortex core differs from that far from the vortex. The re-

sults of 218 established that the sign-reversed Hall effect occurs in the temperature range where

contribution from the vortex motion dominates over the effects from normal excitations and

is controlled by the excess charge at the vortex core and the magnitude of the parameter Δτ/~,

where Δ(T) is the superconducting gap and τ is the scattering time of normal quasiparticles.

In this chapter, we report fabrication of superconducting (SC) atomically thin BSCCO crys-

tals with strongly enhanced fluctuation effects and their magnetotransport properties. We ob-

serve Hall sign reversal which smoothly spans the superconducting transition, and persists both

deep into the superconducting state and 5K above TC. We present quantitative description of

the observed phase boundary separating the normal and sign-reversed Hall domains 218 in terms

99



of vortex dynamics in the entire temperature interval both below and above TC, revealing a deep

connection between vortex-like excitations above TC
219,220 and superconducting fluctuations.
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Figure 7.1: Van der Waals BSCCO device. a. Optical image of Hall bar device, showing BSCCO with contacts
and hexagonal boron nitride (h-BN) cover, as drawn in the inset below. b. Cross-sectional view of a typical device in
scanning TEM. Columns of atoms are visible as dark spots. Black arrows point to location of bismuth oxide layers
(darkest spots), while gray arrows show their extrapolated positions. c. Resistivity as a function of temperature for
vdW devices of different thickness.
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7.2 Resistance and the Superconducting Transition Temperature

We prepare our few unit-cell (UC) thick BSCCO by mechanically exfoliating optimally doped

Bi2.1Sr1.9CaCu2.0O8+δ in argonfilled glovebox. After conventional nano-fabrication steps, BSCCO

typically becomes insulating 128 due to chemical degradation113 and oxygen escape104. We have

developed a high-resolution stencilmask technique (SeeChapter 4), allowing us to fabricate sam-

ples entirely in an argon environment without exposure to heat or chemicals, and subsequently

sealed with a top hexagonal boron nitride (h-BN) layer. Figure 7.1a and b shows our typical Hall

bar and a cross-sectional scanning TEM image of our vdW heterostructure, where dark spots are

individual columns of atoms. The darkest of these are bismuth (arrows). While the outermost

layers of BSCCObecame amorphous, inner layers are left pristine, and retainTC close to the bulk

value. The amorphous outer layers are likely the result of water vapor traces leaking through the

h-BN/SiO2 interface, and constrains us to devices above 2 UC.

Figure 7.1(c) shows the resistivity ρ as a functionof temperatureT forBSCCOdevices between

2 - 10 UC. We find that at a given temperature T, resistivity ρ increases as the thickness of the

sample d decreases. We have normalized our resistance data with the atomic force microscopy

(AFM) thickness, which is sensitive to the highly resistive amorphous surface layer. The ρ(T)

dependence is linear in the normal region, consistent with BSCCO near optimal doping221 and

exhibits a SC transition, at temperature slightly lower than the bulk one222.

To describe the SC transition in ρ(T) and determine the transition temperatureTC, we employ

the framework of superconducting fluctuations (SF)223,224,225, accounting for all fundamental SF

contributions to conductivity: Aslamazov-Larkin, the SF change in the density of states (DOS)

of normal excitations, and the dominant Maki-Thompson contribution 225,226, using both TC

and the pair-breaking parameter δ = h/16kBTτφ as fitting parameters. The phase-breaking time

is assumed to be τφ ∼ T−1 227, see details in Appendix A. For all samples, the extractedTC (given

inAppendixA) is very close to the temperature of the inflection point, i.e. the temperaturewhere
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dR/dT is maximal 226,228, and lies at the foot of ρ(T). As a consistency check, numerous compar-

ative studies 229,230 of bulk HTS demonstrated that TC extracted from magnetic susceptibility

agrees with the TC from the inflection point.

Figure 7.2(a) presents the Hall data for a 2UC device (solid lines), and, as usual, the odd com-

ponent ofRxy(B) is shown in order to eliminate effects from device geometric imperfections. In

the normal state far above TC (T ≥ 100 K), the Hall resistance Rxy is linear in applied magnetic

field B. Figure 7.2(b) shows the quantity (e dRxy/dB)−1 measured at 100K, which scales linearly

with d, implying an excellent oxygen dopant retention in each CuO2 plane, despite the fact that

mobile oxygen dopants104 escape from our crystals over time. The 3UC sample, the only device

fabricated and cooled down in the same day, contains a higher carrier density, which agrees with

the slightly increased TC (Fig. 7.1(c)).

7.3 Hall Sign Reversal

The Hall mobility μH = Rxyd/Bρxx is shown in Fig. 7.2c. Below 5UC, μH decreases with d, due

to the increasing ratio of highly resistive (yet non-insulating) surface layers compared to pristine

interior layers (see Fig. 7.1b), both of which contribute to the Hall and resistivity measurements

in parallel. All our samples exhibit the trend μH ∼ T−1 for T ≫ TC, suggesting that the normal

carrier momentum relaxation time is τp ∼ T−1 regardless of d.

Approaching TC, Rxy(B) becomes nonlinear (Fig. 7.2a). The first sign reversal is observed

about 5K above TC, up to 95K for our most highly doped sample (Fig. 7.2a and figure A.2).

The dip in Rxy(B) becomes increasingly pronounced as temperature decreases and the region of

negative sign extends from zero field to B = 4.7T at about T = 75K. Upon further cooling,

Rxy(B) flattens again and the B-interval of the negativeRxy shrinks, until completely vanishing at

T ≈ 60K (see Appendix A.5). ThenRxy(B) remains positive at all fields, until it disappears into

the noise at T ≈ 40K.
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The temperature evolution of Rxy(T) at fixed B (Fig. 7.3a) highlights a double sign reversal

temperature interval. Figure 7.3b summarizes regions of sign reversal for the samples with similar

doping and different thickness d. The Rxy(T,B) < 0 domain grows with decreasing d, while

extending across and above TC in all our samples.

The Hall sign reversal in high-TC is usually well pronounced in the mixed state below TC

extracted from the SF framework, the temperature where Cooper pair lifetime becomes infi-

nite 221,231. In conventional superconductors, Hall sign reversal usually occurs in the Gaussian

fluctuations regime at T > TC
232,233. However, there are experiments hinting at Hall sign rever-

sal occurring slightly above TC in 100-400 nm thick cuprate films 234,235. In our atomically thin

BSCCO flakes, the Hall sign reversal region persists well above TC (by 5K). Importantly, in our

3 UC device with the highest TC, sign reversal persists up to 4.1T at the onset TC u 90K of our

bulk crystal222, and up to THSR ≈ 95K (Appendix A.2).

That Hall resistance Rxy(T) does not exhibit any drastic changes when crossing TC (Fig. 7.3)

suggests the possibility of a unique universal description of the Hall effect over the entire experi-

mental range of temperatures andmagnetic fields. Such a universal description is provided by the

time-dependent Ginzburg-Landau (TDGL) equation 208. In the fluctuation regime at T & TC,

where fluctuational order parameter is small, TDGL can be linearized. In this Gaussian approx-

imation, the Hall resistance can be calculated with 215 accounting for SF effects. At T < TC the

electromagnetic response of superconductors is governed by vortex dynamics. In this regime, the

GL functional can be expressed in terms of collective variables representing topological vortex

excitations. As observed in 207, it is the change from normal carrier- to the flux flow-dominated

transport that causes the sign reversal in Hall resistance. Since the sign reversal is observed above

TC, one expects that the expansion of the TDGL with respect to vortex topological excitations

will provide an adequate description of the Hall effect at temperatures from T & TC down to
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zero. This program was realized in 218, where the Hall conductivity was derived as:

σxy =
Δ2 · n0 · ec
E2
F · B

[(τΔ/~)2g− sign(δn)] + σnxy(1− g) . (7.1)

Here n0 and n∞ are the normal carrier density inside and outside the vortex core respectively, and

δn = n0 − n∞ is the excess charge inside the vortex; τ is the relaxation time of the normal carrier

in the vortex core; and parameter g expresses the SC fraction of the carriers. The second term

in the rhs of Eq. (7.1) ensures a smooth transition to Hall conductivity dominated by normal

carriers. We consider a two-fluid model of a d-wave symmetry superconductor66 so that g(T) =

1 − (T/TC)
2. Where the value of TC was previously determined from the analysis of Rxx(B,T)

with SF description.

This result makes apparent that the physical origin of the Hall effect sign change is the excess

charge δn of the vortex core, which is of order n0(Δ/EF)
2 218,235. The sign of the vortex contribu-

tion is controlled by the relation between sign(δn) and τΔ. In the regimeT < TC, this empirically

fixes sign(δn) = 1. Then, the first term in Eq. (7.1), the vortex core contribution σvcxy, can be neg-

ative as Δ(T) < ~/τ. Furthermore, we note that σxy ∼ B−1 while σnxy ∼ B. Therefore, the

total Hall sign reversal is expected at low magnetic fields, where negative vortex contribution σvcxy
dominates the positive normal carrier contribution σnxy.

Using Eq. (7.1), we describe the phase boundary of the Hall sign reversed region in Fig. 7.3(b)

for all the samples under study. The sign reversal locus, Rxy(T,B) = 0, follows from Eq. (7.1)

and is defined by the relation:

B2 =

(
Δ
EF

)2 n0c
Snxy

[(Δτ/~)2g− 1]
1− g

, (7.2)

Where we estimate the normal contribution σnxy using the empirical observation σxy = Snxy(T) · B

in the normal state far enough from TC, where Snxy(T) ∝ T−2 (see Fig. A.3), we extrapolate this
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dependence to low temperatures. Then, we fit our data shown in Fig. 7.3(b) with Eq. (7.2), us-

ing as fitting parameters τ and n0/E2
F (numerical values of all parameters are given in Table A.1).

We obtain the relaxation rate of the normal carriers in the vortex core τ ≈ 0.08 ps. This agrees

with the quasiparticle lifetime estimated from the scanning tunneling spectroscopy of the vortex

cores in BSCCO 236 observing normal quasiparticle excitations at E ≈ 7 meV, giving the crude

estimate τ u ~/E ≈ 0.1 ps. The value n0/E2
F ≈ (1−2) · 1021 cm−3·eV−2 is in satisfactory agree-

ment with the widely accepted value n0 ≈ 1021 cm−3 in cuprates 237 and with the fact that EF

of cuprates is often an order of magnitude larger than the superconducting gap Δ(0)238 which

is Δ(0) ≈ 0.02 eV in our case. For the temperature dependence Δ(T), we take the temperature

dependence of the d-wave gap (with Δ(0)/kBTHSR = 2.15) 239 where THSR is the upper temper-

ature of the onset of the Hall sign reversal (see Table in SI). The d-wave description of Δ(T) is

also supported by STM measurements on BiO terraces in BSCCO240, although tunnel spectra

of exposedCuO2 terraces suggests a nodeless SC gap240,241. Temperature dependencies of super-

conducting gap Δ(T)/TC vs. T/TC are shown in inset of Fig. 7.3a for all samples. Note thatTHSR

determined from our fits appeared to be higher than TC,implying nonzero Δ(TC), which is in

agreement with experimental observations in tunneling242 and in angle-resolved photoemission

spectroscopy (ARPES) 78.

Equation (7.2) for the dome-shaped sign reversal phase boundary correctly describes the sign

reversal enhancement as samples become thinner (Fig.7.3). As the mobility μH decreases with

thickness (Fig. 7.2c), σnxy is suppressed in turn. Since μH is in the denominator in Eq. (7.2),

the decrease of μH leads to enhancement of dome size. In other words, the contribution from

topological excitation has more effect on the conductivity σxy when the normal component σnxy
decreases (see Eq. 7.1).

The curve Rxy(B,T) = 0 defined by Eq. (7.2) demonstrates an excellent agreement with the

experimental data shown in Fig. 7.3b both for T < TC and for T > TC. Using the same fitting

parameters we compare the wholeRxy evolution with the vortex expansion of the TDGL. Figure
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7.2(a) and 7.3(a) show the fits of Rxy at fixed T and B respectively in dashed lines, calculated

according to Eq. (7.1) using ρxy = σxy · ρ2xx. The vortex dynamics description agrees well with

the experiment in a wide region in temperature T < TC and magnetic field. For T > TC the

agreement is still fair, however, we observe some deviation of theoretical curve from experimental

Rxy (see curve at 80 K in Fig. 7.2(a)), the deviation growing with increasing temperature. This is

because the dome configuration is determined solely by the condition σxy = 0 and the behavior

ρxx is irrelevant. At the same time, the behavior of ρxy accounts for the finite residual resistance

ρxx at B = 0, which is omitted in the vortex approximation207.

7.4 Hall Sign Reversal Above TC

To cross-check the applicability of the vortex-based description ofRxy(B) andRxy(T) atT > TC,

we employ the superconductingfluctuation expansionofTDGL,using the smallness of the order

parameter in the fluctuation regime. Qualitatively, SF are Cooper pairs with a finite lifetime,

arising above TC. Under applied magnetic field, these pairs rotate around their center of mass

and can be viewed as elemental current loops. The external current exerts Magnus force moving

these loops along the circular paths. This gives rise to Hall voltage opposite to that from the

normal carriers. The SF contribution toHall conductivity manifests as a negative correction δσxy

to the positive normal component σnxy 223,215: σxy = σnxy+ δσxy. Expression for δσxy in the Gaussian

approximation215 is:

δσxy =
2e2kBT
hd

ζf(D,B,T) (7.3)

whereD is the normal carrier diffusion coefficient evaluated asD ≈ 2
3μHEF (see SI section E); f

is a dimensionless function (see SI for explicit form); ζ is a parameter accounting for particle-hole

asymmetry in the time-dependent Ginzburg-Landau equation. The parameter ζ is expressed as

the changeofTCwith respect to the chemical potentialμ: ζ = − 1
2∂(lnTC)/∂μ ≈ 1/(γEF)

243,223,215.

Here γ is the dimensionless coupling constant parameterizing the attractive electron-electron in-
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teraction that induces superconductivity. As temperature decreases, the SF contribution δσxy

increases, leading to the sign change of σxy as soon as δσxy starts to dominate 233,232,244. The Hall

resistance Rxy(B) and Rxy(T) at T > TC is nicely described by the SF description of Eq. (7.3)

(dash-dotted line in Fig. 7.2a and 7.3a), where the values of fitting parameter γEF (see SI) corre-

spond to γ < 1 (the weak coupling limit) and EF previously evaluated from fits ofRxy(B,T) = 0

with Eq. (7.2). The phase boundary forT > TC is also accurately captured by the SF description

in Eq. (7.3) (Fig. 7.3b, dashed line). Remarkably forT > TC, the phase boundaryRxy(T,B) = 0

agrees with both vortex and SF TDGL asymptotes. The agreement between the values of EF

and fits of the phase boundary provides a crosscheck ensuring that vortex description of Eq. (7.2)

works fairly well at T > TC. Thus our findings support the idea that vortex-like excitations sur-

vive above TC
245 in full concert with Nernst effect observations 219,220. Our results apply to any

bulk HTS with layered structure. Also, since disorder enters through the scattering time, our

conclusions remain valid for disordered low-TC films, see, for example, 246,247.

7.5 Summary andOutlook

In conclusion, we developed van der Waals assembly techniques specialized to the cuprates. We

fabricated few-unit-cell Bi2.1Sr1.9CaCu2.0O8+δ crystals, where an appreciable enhancement of the

Hall sign reversal with the system’s thinning was observed. We demonstrated that the Hall re-

sistance sign reversal occurs both below and above TC and is well described in terms of vortex

dynamics across the entire temperature interval. In the fluctuation region above TC, the sign re-

versal is equally well described by superconducting fluctuations formalism which cross checks

our results and connects vortex-like excitations above TC and superconducting fluctuations.
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My favorite walk is the next one.

Lorna Kingston

8
Emergent Interfacial Superconductivity

between Twisted Cuprate Superconductors

Twisted interfaces between stacked van derWaals cuprate crystals enable tunable Josephson cou-

pling, utilizing anisotropic superconducting order parameters. Employing a novel cryogenic as-

sembly technique,we fabricatehigh-temperature Josephson junctionswith atomically sharp twisted

interface between Bi2Sr2CaCu2O8+x crystals. The critical current density Jc sensitively depends

on the twist angle. Jc nearly matches that of intrinsic junctions near 0◦, and is suppressed by

almost 2 orders of magnitude but remaining finite near 45◦. Jc also exhibits non-monotonic be-

havior vs temperature due to competition between supercurrent contributions from nodal and

anti-nodal regions of the Fermi surface. Near 45◦ twist angle, we observe Fraunhofer interfer-

ence patterns with two periods and fractional Shapiro steps at half integer values, a signature of
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co-tunneling Cooper pairs necessary for high temperature topological superconductivity.

8.1 Introduction

The nature of weak van der Waals (vdW) bonding between neighboring atomic layers offers a

unique opportunity of engineering atomic interfaces with controlled twist angles248. For exam-

ple, a moire superlattice whose spatial modulation can be adjusted by the twist stack angle can

be engineered, enabling narrow electronic bands with topological structure to realize ‘twistron-

ics’ 249. A plethora of emergent electronic states, including superconductivity36, magnetism250,

Chern insulators251, generalized electronicWigner crystals252, and correlated insulating states253

are discovered in the twisted interface of various 2-dimensional (2D) vdW materials, including

graphene254 and transition metal dichalcogenides255.

Atomically layered cuprate high temperature superconductors alsooffer aplatformfor twistron-

ics by engineering the couplingbetween superconductingorderparameters (SOP) across a twisted

vdW interface. In the case of Bi2Sr2CaCu2O8+x (BSCCO), one of themost anisotropic cuprates,

insulating [SrO-BiO] buffer layers serve as tunnel barriers between superconductingCuO2 bilay-

ers256, whose c-axis coherence length is shorter than the vdW layer thickness257. The vdW cou-

pling between BiO double layers also allows the cleaving of crystals to expose large pristine sur-

faces, which have enabled multiple experiments exploiting the reduced sample thickness26,27,25.

Recent study25 shows that atomically thin BSCCOwith a single vdWunit (containing twoCuO

planes) still exhibit a bulk-like superconducting transition, demonstrating the 2D nature of su-

perconductivity.

Twisted interfacial Josephson junctions (JJ) between superconductors, in principle, can offer a

probe of the pairing symmetry ofCooper pairs. For conventional superconductorswith isotropic

pairing mechanism, the weak coupled Cooper pairs exhibit s-wave symmetry, resulting in twist

angle θ-insensitive Josephson coupling258. For layered superconductors with an anisotropic in-
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plane SOP, however, the JJ coupling across the twisted interface is expected to be strongly θ de-

pendent258,259. In particular, in a JJ between twisted d-wave superconductors, the wavefunction

of tunneling Cooper pairs pick up a phase π when θ exceeds 45◦ 258,62,260. At exactly θ = 45◦,

direct Cooper pair tunneling is forbidden due to complete mismatch between the SOPs across

the interface258, which allows weaker higher order processes corresponding to co-tunneling of

Cooper pairs to dominate261,260,62. Recent theoretical work62,260,262 predict that such a second

order Josephson coupling supports a topological superconducting state which spontaneously

breaks time reversal symmetry, that can survive up to the critical temperature of the host super-

conductor at the twisted vdW cuprate interface.

8.2 Twist Josephson Junctions with Single-Crystal Intrinsic Junction Qual-

ity

Despite the vdW nature of BSCCO, the preservation of its surface superconductivity after vdW

stacking remains an outstanding experimental challenge26,27. It is known that the surface of

BSCCO crystals are sensitive to heat25,99,104 and moisture25,128 since self-organization104 of oxy-

gen dopants at the nanometer scale100 plays a key role in the superconductivity65. Previous ex-

periments involving twisted BSCCO junctions require a high temperature oxygen anneal step

to restore Josephson coupling at the twist interface263,264,265,118. This post-annealing process of-

ten comes at the cost of interfacial structural reconstruction detectable in cross-sectional trans-

mission electron microscopy (TEM)266,118. The majority of experiments observed no angular

dependence in critical current263,265,118, except one264, where Andreev reflections through a re-

constructed interfacial layer may have obscured the angle dependent SOP coupling between un-

reconstructed twisted JJs259.

In this chapter, we report emergent interfacial superconductivity appearing in pristine atomi-

cally sharp twisted BSCCO Josephson junctions built via a novel cryogenic assembly technique.
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We find strong angle and temperature dependent Josephson critical current associated with a d-

wave SOP symmetry. Particularly, near 45◦ twist angle, where the d-wave SOPs are maximally

mismatched, we observe emergent Shapiro steps at half integer values, which originates from a

second harmonic in the JJ current-phase relation (CPR) corresponding to the co-tunneling of

Cooper pairs – the necessary ingredient for the emergence of high temperature topological su-

perconductivity62,260.

Figure 8.1 shows our low temperature device fabrication procedure which preserves interfa-

cial superconductivity. Here, we develop a cryogenic and solvent-free vdW transfer technique

in pure argon atmosphere using a liquid nitrogen-cooled stage maintained near −90◦C. Using

this technique, we cleave a pre-exfoliated BSCCO crystal into two halves along the a − b plane,

while thermally freezing out oxygenmigration and other chemical processes at the surface (Figure

8.1A). One of the two cleaved crystals is then quickly rotated to the targeted twist angle θ, and

re-assembled with the remaining crystal in an overlapping region (Figure 8.1B and C). A set of

electrical contacts are pre-fabricated near the original crystal before cleaving to serve as the bot-

tom contact of the top crystal upon reassembly. An additional set of electrodes are fabricated on

the top surface of the bottom crystal after reassembly, via stencil mask deposition with the sam-

ple held near -30◦ C. Fabrication of twist JJs without a high temperature anneal step is critical to

maintain the atomic interface without significant reconstruction and oxygen dopant changes at

the interface. Figure 8.1D shows the cross-sectional scanning transmission electron microscope

image of a θ = 0◦ junction. Bright spots correspond to electron scattering on atomic columns,

the brightest of which are bismuth which terminates each vdW layer. The supermodulations

are found to be mutually aligned across the interface, revealing a strain between the interfacial

layers267. Importantly, we do not observe a trilayer cuprate Bi2Sr2Ca2Cu3O10+δ structure at the

interface, which was previously reported in BSCCO junctions after a high temperature anneal

step266. While the thickness of crystals is in the range of 20-50 nm depending on the device, our

electrode arrangement allows us to probe superconductivity of the top and bottom layers and
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Figure 8.1: Twist Josephson junctions with intrinsic junction quality. A. Schematic diagram of the key fabrica-
tion step, where a single BSCCOcrystal is cleaved using PDMS at−90◦C.B.Opticalmicrograph of a BSCCO twist
junction. Dashes outline the identical shape of the two crystals. Corresponding schematic underneath in Inset of
F. C. Atomic force microscope topography showing atomically flat interfaces at the junction. Line trace shows to-
pography cut along dotted line. D.Cross-sectional scanning-TEM image of junction at θ = 0◦, showing crystalline
order at the interface. E. Integrated intensity at each layer. F.Comparison of in-plane resistance in each bulk crystal
vs the artificial junction between them, showing nearly identical junctionTC. Inset shows distributionTC among all
24 JJs in the angle dependence analysis. G. I−V curve for a θ = 0◦ junction in both sweep directions (arrows). As I
sweeps away from zero, a voltage step occurs at the switching current IC = 1.2 kA/cm2 (blue triangle) comparable to
intrinsic junctions. As I sweeps toward zero, small voltage steps (green triangles) corresponds to inelastic scattering
features seen at the same voltages in intrinsic junctions (see text for detail).

the interfacial JJ between them independently (see the upper inset Fig. 8.1F). In order to study

the effects of twist angle at comparable doping levels, we fabricate 24 devices with different twist

angle θ ranging between 0◦ to 180◦. The junction resistance always vanishes within a few Kelvin

of the bulk transition temperature TC ≈ 84 K (the main panel of Figure 8.1F shows an exam-
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ple), demonstrating high oxygen dopant uniformity even at the junction. We find that neither

the transition temperature nor the normal-state conductivity of twist junctions are systemati-

cally correlated to θ (see B.2). The 24 devices investigated in the angle-dependence study have an

average TC similar to the bulk value with the standard deviation of 2.9 K (Fig 8.1F inset).

8.3 Evidence of d-Wave Pairing Symmetry

The four terminal device configuration across the vdW interfacial JJ allows us tomeasure current-

voltage (I-V) characteristics across the twisted JJ. We first focus our discussion to the θ = 0◦

JJ, where the strongest Josephson coupling is expected due to SOP alignment between the top

and bottom layers. Fig. 8.1G shows I-V curve measured at temperature T = 9 K. In this low

temperature regime, the JJ exhibits a large hysteresis in the bias current sweep. As we sweep the

bias current from a large negative value, the junction voltageV first retraps to the zero resistance

state (V = 0) and then jumps to the resistive state at the critical current IC, marked by the blue

arrow. Upon changing the bias current polarity (dashed line), the JJ’s I-V behavior is simply

mirrored along the I = 0 axis. Normalizing to junction area, we obtain a critical current density

JC ≈1.2 kA/cm2 for this junction, a value comparable to Jc of intrinsic junctions268. We observe

small voltage jumps on the retrapping side at the same voltages as inelastic tunneling features

previously observed in intrinsic BSCCO JJs256. These observations indicate that our θ = 0◦

JJ forms on a vdW interface with quality comparable to intrinsic JJ in single-crystal BSCCO. In

about half of our devices, only one jump is seen in the I-V sweep, suggesting that no additional

intrinsic JJs from crystal terraces intruded the current path.

To compare the transport characteristics of twisted JJs, we normalized the bias current I by

using the junction normal resistance RN. Since IC and R−1
N are proportional to the area of the

junction, the product ICRN is independent of junction area and controls for small variations in

junction quality. Figure 8.2A shows the normalized dynamic resistance [dV/dI]/RN as a func-
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tion of temperature T and ICRN for three representative angles, θ = 0◦, 31◦, and 44.9◦, respec-

tively (similar data for all 24 JJs included in the angular dependence study are in figure B.3). Sev-

eral features are apparent in these data sets. First, as the current sweeps from left to right, on

the retrapping side (IRN < 0), the constant-voltage inelastic tunneling features appear (green

triangles in Fig. 8.1G). While the values of IRN for these features increase with T, as the subgap

resistance increases with T, the correspondingV remained constant. Next, on the switching side

(IRN > 0), the junction voltage jumps alongside dV/dI at critical current IC, which depends on

T. The detailed behavior of IC(T)RN depends on θ, as we will detail below. Finally, we find the

hysteresis of JJs reduced in the high temperature regime as IC(T)RN decreases, as expected from

the increasing damping in the JJ. For most samples, the hysteresis disappears for T & 60 K.

Analyzing ICRN for all 24 devices spreading over θ from 0◦ to 180◦, we find a trend that the

overallmagnitude of ICRN becomes smaller closer to 45◦ and 135◦ and the JJs also appear less hys-

teretic. The equivalence between these two angles suggests that the SOP anisotropy is small be-

tween a and b axes. To present this observationmore quantitatively, we introduce a new variable

ϕ = θ (mod π/2), which runs between 0 to 90◦. Fig. 8.2B plots ICRN as a function of ϕ at two

representative fixed temperatures 12 K and 30 K. We observe that ICRN(φ) follows | cos(2ϕ)|,

which is expected for a direct Cooper pair tunneling between d-wave superconductors258. This

d-wave-like angular dependence is also confirmed in the angular dependence of junction voltage

just above the critical current V(IC) (see fig. B.5), which in conventional tunnelling JJs is equal

to 2Δ/e66.

The temperature dependence of Josephson coupling in our twisted junctions provides fur-

ther insight into the pairing symmetry of the Cooper pairs in BSCCO layers. Figure 8.2C shows

IC(T)RN for several representative JJs with different ϕ. We find that for ϕ close to 0◦ (or equiva-

lently 90◦), IC(T)RN exhibits a monotonic decrease as T increases, approximately following the

well-knownAmbegaokar-Baratoff relation (dashed line)66. As ϕ approaches 45◦, however, a sur-

prising non-monotonic behavior of ICRN(T) appears. For example, for ϕ = 29◦ and 39◦ in
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Figure 8.2: d-wave SOP symmetry reflected in supercurrent tunneling. A. Normalized differential resistance
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in color, which intersects at two points highlighted by circles. C. Temperature dependence of critical current for
select devices. Dotted lines are linear fits to the low temperature data. TM is temperature where IC is maximal. D.
shows the slope of the low temperature line fit, d(ICRN)/dT. E. TM as a function of angle ϕ.

Fig 8.2C, IC(T)RN increases alongside T, reaching a maximum value at T = TM and then de-

creases as T approaches TC. More quantitative analysis can be found in Figure 8.2D and Figure

8.2E, where we plot the low temperature slope d(ICRN)/dT (dotted lines in Fig 8.2C and fig.

B.4) and observed TM, respectively for various devices with different φ. These plots show a non-

monotonic behavior of ICRN(T), signaled by the positive slope of ICRN(T) at low temperatures

with finite TM, appearing within |ϕ− π/4| < π/8.

The strong angular dependence of non-monotonic behavior of IC(T)RN evident in Fig 8.2D

and E points to the d-wave symmetry of the SOP as its origin. For this purpose, let us consider a

gap function Δ1,2(k) superimposed on top of the Fermi surfaceE1,2
F (k)78, wherek is the Cooper
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pair wavevector in the first Brillouin zone lying in the copper-oxide plane and the index 1 or 2

denotes the top and bottom layer of BSCCO, respectively. Then in the twisted JJ, as shown

in the inset in Figure 8.2B, E1
F(k) and E2

F(k) are rotated relative to each other by twisting an-

gle θ. At θ ≈ 0, E1
F(k) and E2

F(k) overlaps almost completely and Δ1(k)Δ2(k) > 0, since k

is approximately conserved for tunneling Cooper pairs258, yielding the largest Josephson critical

current. As θ increases to ∼ 10◦, the Fermi surfaces overlap at two points per quadrant in k-

space, but with opposite phase difference between layers: (i) an anti-nodal contribution where

Δ1(k)Δ2(k) > 0 and (ii) nodal contribution Δ1(k)Δ2(k) < 0. Since the supercurrent from

these two components carry the opposite sign, their contributions to the total critical currents

then compete. As tunneling becomes increasingly coherent at lower temperature, IC can be sup-

pressed at low temperature if the two contributions are similar in magnitude. The detailed cal-

culation of JC based on d-wave SOP considering optimally doped BSCCO indeed indicates that

non-monotonic IC(T)RN is expected for ϕ ≈ π/8, see section B.6 and Ref.269.

8.4 Cooper Pair Co-Tunneling at the 0-π Transition

It is important to note that nearϕ ≈ π/4, the JJ coupling is strongly suppressed but remains non-

zero. As Figure 8.2A shows, our θ = (44.9± .1)◦ junction becomes fully superconducting with

zero resistance at 79K, although ICRN is about twoorders ofmagnitude smaller than the 0◦ value.

Figure 8.2B (see also fig. B.3) shows several devices near 45◦which also hosted supercurrentswith

TC above 79K.Theorigin of thefinite supercurrent near 45◦ is encoded in the Josephson current-

phase relation (CPR) J(γ), where γ is the gauge independent phase difference across the vdW

interface and J the supercurrent density62,261,260. We note that near 45◦, the JJ coupling lacks the

conventional direct Cooper pair tunneling term due to the maximally mismatched SOP across

the twisted interface. The supercurrent must then tunnel through a second-order mechanism

corresponding to co-tunneling of Cooper pairs, which is predicted to result in an interfacial SOP
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with emergent dx2−y2 + idxy symmetry62,260. The Josephson CPR of this unusual SOP develops

a strong second-order harmonic260,62,261, which can be experimentally probed by measuring the

in-planemagnetic interference (’Fraunhofer’) pattern or microwave induced Shapiro steps in the

I-V characteristic, reflecting the 4e charge of co-tunnelingCooper pairs across the junction261,260.
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Figure 8.3: Fraunhofer pattern near 45◦. dV/dI response to applied in-plane magnetic field B∥ for twisted JJ
at three angles with width w in direction perpendicular to B⃗∥, measured from microscope images. A. Response in
a 43.0◦ junction. Red dashed lines show the Fraunhofer pattern envelope with effective JJ thickness d = 1.5 nm
expected in intrinsic BSCCO JJ. Inset shows device optical photo. B.Respoonse in a θ = 46.3◦ JJ. As θ approaches
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estimated d =15 nm shown in grey dashed line. Inset shows I-V characteristics at two different B field values,
showing two jumps in V away from the central IC peak. C. Response in a JJ at 44.9◦ twist. One well-developed
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In figure 8.3, we present Fraunhofer interference patterns (FIP) obtained at three different an-

gles by showing normalized dV/dI vs parallel magnetic field B∥. We find that the devices further

away from 45◦ twist exhibit less developed FIP. For 43.0◦ device, only 2◦ away from 43.0◦ (Fig.

8.3A), the critical current is suppressed asB∥ increaseswithout the clear oscillatory features. Simi-

lar FIPs have been observed in intrinsic JJs in bulk BSCCO268,270, where the screening effect from

the high critical current density of the JJs combined with inhomogeneity of the samples can lift

the minima of the FIP. Following the theoretical analysis developed for the intrinsic JJ271, we can

extract the characteristic length scale from the full width of the halfmaxima of the central peak of
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the FIP: ΔB∥ = ~/2ews, where e is the elementary charge; w and s are the width and thickness of

the junction. Applying this formula to the data in Fig. 8.3A (with w =4 μm), we obtain s = 1.5

nm, a value corresponding to the interlayer separation between CuO2 planes, similar to the FIPs

in intrinsic JJ of BSCCO.

As interfacial Josephson coupling weakens near 45◦, the Josephson length increases, and the

magnetic field inside the twist JJ approaches the short junction limit. At 44.9◦, we observe mul-

tiple oscillations in IC(H) (figure 8.3C), with a period about 20 times shorter than that expected

for intrinsic junctions. This corresponds to an effective junction thickness d = 28 nm as plotted

in the white line in figure 8.3C. In between these two angles (figure 8.3B), both the fast and slow

oscillations coexist, with d between 15 and 35 nm among all samples, while the longer period FIP

is at s = 1.5 nm as discussed above. Such coexistence of two different oscillation periods was pre-

viously seen in coupled pairs of JJs between three niobium electrodes272, where coupling between

stacked Josephson junctions effectively changed the junction thickness. Whilemore quantitative

description can be made considering the Josephson vortex formation in the junction (shown in

the inset of Fig. 8.3C), the presence of the FIP with well-defined interference minima near 45◦

clearly indicates the homogeneous Josephson coupling at this special angle, which can be dis-

tinctly different from the long period FIP caused by the dominant JJ coupling away from 45◦.

The unconventional JJ coupling near 45◦ twist can further be investigated using microwave

illumination. The presence of higher order harmonics in the CPR are revealed in the spacing

between Shapiro steps in I-V under microwave illumination of frequency f (inset of Fig. 8.4A

and D)261,260. In conventional JJs where the CPR is dominated by a sinusoidal term of period

2π, Shapiro steps appear as plateaus of constant voltagewheneverV approaches n×hf/2e, where

n is an integer. As shown in our experiment in Fig. 8.4D, for the device with twist angle 43.7◦,

the experimentally observed Shapiro steps with integer quantized n show that the CPR in this

junction is conventional. The Fourier transform of dV/dI in Fig 8.4E and F confirms this view,

as the periodicity in dV/dI is completely dominated by the first harmonic of ν1 = 2e/hf over the
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Figure 8.4: Half-integer Shapiro steps emerge close to 45◦. A. shows dV/dI in response to microwave radiation
with frequency f = 48.7 GHz. The inset shows I-V characteristic which develop Shapiro step features at f = 41.8
GHz. All measurements were carried out 70 K. B. andC. show Fourier transform of dV/dI(V) and spectral power
at νf = 1 and 2 × 2e/hf. Inset shows schematic of the junction free energy F vs Josephson phase γ as twist angle
changes. At 45◦, the second harmonic dominates the current-phase relation. D, F and G shows similar data for a
43.7◦ device, where only integer Shapiro steps appear. E. shows representative dV/dI for four devices at different
twist angles, where half integer steps are only observed in junctions closest to 45◦
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entire power range.

Remarkably, when our devices are within about 1◦ of 45◦, additional steps at half-integer n

appear (Fig. 8.4A and inset), which fan out linearly in V as frequency increases (see fig. B.6).

These features also appear across awide range ofmicrowavepower at constantV (see figure 8.4A),

confirming their origin as Shapiro steps. At lowmicrowave illuminationpower, themagnitude of

the dV/dI dips at fractional and integer values of n are roughly equal, and the Fourier transform

spectrum is dominated by the ν2 = 2× 2e/hf peak.

The Fourier transform of dV/dI(V) in Figure 8.4B displays the relative strengths of integer

versus fractional Shapiro steps to estimate our junction CPR. For a junction with purely sec-

ond order CPR, the n = 1/2 step becomes the fundamental step and should appear strong

compared to the integer steps. Indeed, at low microwave power in the 44.6◦ device when the

fractional Shapiro steps first appear, the Fourier transform is dominated by the second harmonic

ν2 = 4e/hf. The corresponding dV/dI shows dips of similar strength at half integer and integer

steps, indicating that the phase insensitive co-tunneling of Cooper pairs dominates over the con-

ventional Josephson coupling close to 45◦. Dominant half-integer Shapiro steps have been ob-

served inmagnetic-(SFS) JJs89,273. The presence of the dominant secondharmonicCPR, demon-

strate in 45◦ JJs, establishes the unconventional nature of the interfacial high-temperature super-

conductivity expected to support a topological superconducting phase260 which spontaneously

breaks time reversal symmetry62.
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A
Details for Sign Reversing Hall Effect in

Atomically Thin High Temperature

Superconductors

A.1 Superconducting fluctuations in longitudinal resistanceRxx(T)

We calculate the resistance due to superconducting fluctuations in order to determine the tem-

perature where Cooper pair lifetime becomes infinite. We have consistently used this criteria for

TC. The correction to conductivity from superconducting fluctuations is Δσ(T) = 1/ρ(T) −

1/ρn(T), where ρn(T) is the normal resistivity (linear in T). According to the advance thermo-

dynamical fluctuation theory in zero field223,243, this correction Δσ(T) consists of Aslamazov-
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Larkin, DOS and the dominant Maki-Thompson contributions:

Δσ = ΔσAL + ΔσDOS + ΔσMT, (A.1)

ΔσAL =
e2

16~s
· 1√

ε · (ε+ r)
; (A.2)

ΔσDOS = − e2

2~s
· k1 · ln

(
2√

ε+
√
ε+ r

)
; (A.3)

ΔσMT =
e2

2~s
·
[

1
2(ε− γ)

ln

(√
ε+

√
ε+ r

√γ+√γ+ r

)
− k2 ln

(
2√

ε+
√
ε+ r

)]
;

Here s is the spacing of the 2D superconducting layers in the c-axis direction, ε = ln(T/TC) is

the reduced temperature,

r(T) = −2J2τ2a/~2 (A.4)

is the Lawrence-Doniach anisotropy parameter, γ = τa/τφ = τa · δ · 8kBT/(π~), where δ is

the phase-breaking parameter. Here J as the hopping energy between neighbouring layers, τ the

quasiparticle scattering time, and a given by the equation

a(T) =
[
ψ
(
1
2
+

~
4πτkBT

)
− ψ

(
1
2

)
− ~

4πτkBT
ψ′
(
1
2

)]
; (A.5)

k1 =
−ψ′

(
1
2 +

~
4πτkBT

)
+ ~

2πτkBT
ψ′′ ( 1

2

)
π2a

; (A.6)

k2 =
−ψ′

(
1
2 +

~
4πτkBT

)
+ ψ′ ( 1

2

)
+ ~

2πτkBT
ψ′′ ( 1

2

)
π2a

; (A.7)
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ψ(x) is the digamma function.
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Figure A.1: Sheet resistance vs. temperature. Sheet resistance R = ρ/d as a function of temperature for vdW
devices of different thickness d. Dashed lines—fits taking into account quantum corrections to conductivity due to
superconducting fluctuations. TheR(T) dependencies for 5 UC and 10 UC are given in inset to avoid overlapping
of the curves. The arrowmarks TC for 2UC device. For all samples TC lies at the foot ofR(T) curve.

This theoretical approach was applied to BSCCO films225

Taking interlayer distance s = 4Å which is in good agreement with Cu K -edge anomalous

x-ray diffraction174 (where s ≃ 3Å ), interlayer hopping energy J = 40K274 for 5UC sample and

J = 80K for 10UC, pair-breaking parameter δ = 3 ·10−4, and τ = 1 ·10−14 sec225 we successfully

describe behaviour ofRxx(T) at T > TC for thick samples (5 UC and 10 UC). For thinner films

(3 UC and below) this fitting yields interlayer spacing s > 10Å. We assume that this means that
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the model of layered superconductor is not applicable anymore. Therefore, for these samples we

employ the equations for quasi-two dimensional films226.

For quasi two dimensional (quasi-2D) systems the conductanceG is expressed asG = 1/R (R

is the sheet resistance), which is the conductivity times the film thickness d.

ΔGAL(T)/G00 = π2/(8 ln t), (A.8)

ΔGDOS(T)/G00 = ln[ln t/ ln(kTcτ/~)]. (A.9)

MT depends on τϕ through

δ = π~/(8kBTτϕ), (A.10)

ΔGMT(T)/G00 = β(t, δ) ln(π/(8δ)). (A.11)

Here,G00 =
e2

2π2~ and

β(t, τϕ) =
π2

4
∑
m

(−1)mΓ(|m|)−
∑
n≥0

Γ′′(2n+ 1), (A.12)

wherem is an integerm = 0,±1,±2, ..., and

Γ(|m|)−1 = ln t+ ψ
(
1+ |m|

2

)
− ψ

(
1
2

)
− ψ′

(
1+ |m|

2

)
~

4πkBTτϕ
.

The function β(t, τϕ)275 reduces to Larkin’s β(t) in the limit (t · τϕ)−1 → 0.

The correction to conductivity due to superconducting fluctuations Δσ(T) diverges atTC, i.e.

the resistance should be zero. At temperaturesT . TC, however, the resistance is nonzero, which

is due to the presence of free mobile vortices in the system.
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A.2 Hall sign reversal phase diagram

Figure A.2 shows Hall resistance Rxy for our 3 UC device, which had a significantly higher TC

compared to the others. Importantly, the bulk crystal’s SC transition is at 90K222, so the sign

reversal persists above TC of bulk Bi-2212.
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Figure A.2: The Hall sign reversal phase diagram for 3UC. Shading shows Hall resistance Rxy(B,T) for a 3UC
device. Blue region shows the area of negative Hall resistance. Symbols show the locus Rxy = 0 with the line
generated fromEq. 2 inmain text. Dashed vertical line showsTC = 89K from SF fit of the zero-fieldRxx(T) (inset).

A.3 Normal State Hall Conductivity

In normal state the Hall resistance is a linear function of magnetic field (Fig. A.3a). The Hall

conductivity is also linear function σxy = sxyBwhere the slope sxy increases with cooling down as

1/T2. In the superconducting state it is difficult to extract the contribution to Hall conductivity

from normal exitations. Hence, we assume that the normal component of σxy in the supercon-

ducting state maintains the T−2 dependence.
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Thick TC δ THSR τ n0/E2
F 1/ζ = γ · EF

UC [K] [K] [ps] [cm−3/eV2] [eV]
2 81.5 0.03 86 0.075 1.23·1021 0.03
2.5 84 0.003 90 0.066 1.16·1021 0.01
3 89 0.001 95 0.066 3.2·1021 0.01
5 84.5 0.001 90 0.076 1.9·1021 0.15
10 85 0.001 90 0.077 1.3·1021 0.5

TableA.1: TC—the superconducting temperature determined fromsuperconductingfluctuationfit ofRxx(T,B =
0), with error±0.5 K, it enters the g(T) Eq. (1), (2) in main text; δ—pair-braking parameter that enters quantum
correction to conductivity fromMaki-Thompson process; THSR —the critical temperature of the Hall sign reversal
appearance that enters Δ(T), with error ±0.5 K; τ — relaxation time of the normal carrier in the vortex core; n0
— normal carrier density inside the vortex core; EF — Fermi energy; γ — the coupling constant of the attractive
electron-electron interaction that induces superconductivity;

A.4 Hall Effect in the Superconducting Fluctuations Regime

Contribution to Hall conductivity from superconducting fluctuations in case of quasi-two di-

mensional film is215:

δσxy =
e2kBTζ
π~

sign(B)
∞∑

N=0

(N+ 1)(EN+1 − EN )3

ENEN+1(EN + EN+1)2
|ω=0 (A.13)
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The function EN describes the superconducting fluctuations in the diffusive regime:

EN (ω,B,T) = ln

(
T
Tc0

)
+

Ψ
(
1
2
+

−iω+Ωc(N+ 1/2)
4πkBT

)
− Ψ

(
1
2

)
+ ζω. (A.14)

Here, Ψ is the digamma function, and Ωc = 4|e|μ0DB is the energy of the cyclotron motion

corresponding to the collective modes, whereD is the diffusion coefficient of electrons.

To compare the values of fitting parametersD, ζwith experimental measurements ofHall mo-

bility μH, we use equations eD = e ·τ · (v2F/3) and μH = eτ/m. It is found thatD = 2/3 ·μH ·EF,

where EF is Fermi energy in eV. Substituting EF with 1/(γζ)we getDγζ ∝ 2/3 · μH.

Contribution toHall conductivity from superconducting fluctuations in case of a layered film

is223,215:

δσxy =
e2kBTζ
π~

· d
s
·

∞∑
N=0

(N+ 1) · S(N), (A.15)

S(N) =
1√

[ε+ h(2N+ 1)][r+ ε+ h(2N+ 1)]

− 1√
[ε+ h(2N+ 3)][r+ ε+ h(2N+ 3)]

− h√
[ε+ h(2N+ 2)]3[r+ ε+ h(2N+ 2)]

− h√
[ε+ h(2N+ 2)][r+ ε+ h(2N+ 2)]3

, (A.16)

where ε = ln
(

T
TC

)
is the reduced temperature, r = −2J2τ2a/~2 is the Lawrence-Doniach

anisotropy parameter (Eq. A.4), h = B/Bc2(0) is the reduced magnetic field, where Bc2(0)

is the second critical magnetic field: both for 5UC and 10 UC best fitting is with Bc2(0) =
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80T, which corresponds to reasonable value of superconducting coherence length ξ = 2 nm

(Bc2(0) = Φ0/(2πξ2)). Figure 3b (main text) compares the locus Rxy(T,B) = 0 from the ex-

periment with fits using both the vortex limit (solid line) and the SF limit (dashes) of the time-

dependent Ginzburg-Landau equation.

A.5 MagnetoresistanceRxx(B) below TC. Vortex confinement

-14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14
0

50

100

150

200

250

300

350

Magnetic Field (T)

Sh
ee

t R
es

is
ta

nc
e 

(Ω
)

95 K

90 K

85 K

80 K

75 K

70 K

65 K

60 K
50 K

45 K

Figure A.4: Sheet resistance vs. magnetic field. Typical evolution ofRxx(B)with temperatures. The 2UC device
withTC = 81.5K. Dashed line emphasize the linear dependenceR(B) at T=60K. The dotted lines are the tangents
to isotherms lower and higher than T=60K stressing the evolution from superlinear to sublinear behaviour.

With cooling the Rxx(B) traces evolve from the sublinear to superlinear dependences. The
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same evolution ofR(B) isotherms belowTC was reported in low-T superconductors276, where it

wasused as a signature of the vortex-confinedBKTphase277,278. AboveTBKT the vortex-antivortex

pairs are unbound and all thermally induced vortices contribute to the resistance. Field-induced

vortices annihilate with some fraction of antivortices, effectively reducing the number of vortices

participating in the flux-flow, giving rise to a sublinear response to the applied field. The temper-

ature T of the linear response marks T = TBKT. Below TBKT field-induced free vortices not only

contribute to the resistance due to their ownmotion, but screen antivortices helping to dissociate

vortex-antivortex pairs. This results in a superlinear response to the applied field.
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B
Details for Emergent Interfacial

Superconductivity between Twisted Cuprate

Superconductors

B.1 Sample FabricationMethod

We have used a novel, all-dry, cryogenic pick-and-place technique to fabricate our Josephson

junctions. Our technique allows us to cleave a pair of fresh surfaces of BSCCO from one pre-

exfoliated single crystal, and then quickly stack the crystals together forming the twist junction.

Oxygen dopants are conveniently frozen alongside any chemical degradation processes at -90
◦C99, preserving interfacial superconductivity. Since our transfer polymer does not melt at the

final deposit step, the entire procedure can be cleanly performed in an argon glovebox without
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solvents. Finally, since the junction ismade starting from one single crystal, the twist angle can be

accurately controlled to 0.5◦ and measured to 0.1◦ resolution using optical microscopy. Finally,

we stress that this cryogenic pick-and-place technique should be generally applicable to any air-

and heat-sensitive material.

All dry vdW pickup techniques56,57 relies on temperature to control adhesion to a polymeric

transfer stamp135,130. We use poly(dimethylsiloxane) (PDMS) to decrease Tg to about −100◦

C134, which is accessible to a liquid nitrogen cooled stage in a pure argon environment. We are

careful to set the substrate temperature above the frost-point of our glovebox, where ice visibly

sublimates on our substrates. This is carefully kept below−100◦C, corresponding to roughly 10

parts per billion (ppb) of H2O by volume139. Finally, PDMS freely releases vdW crystals onto

the substrate at−35◦Cwithout melting132.

Weprepare our PDMSusingDowCorning Sylgard 184,mixed to 10:1 base:curing agent ratio.

The mixture is poured onto a clean glass slide with 1mm thickness, vacuum degassed, and baked

overnight at 90 ◦C. The cured PDMS is then cut into 2× 2 mm square, and placed onto a glass

slide, and baked to 300 ◦C for 15 minutes for adhesion.

~80 nm

SiN Stencil

Substrate
Au BSCCO

< -90 °C-35°CTop contacts

Bottom
contacts

A B

CDE

< -90° C

PDMS

Figure B.1: Fabrication Process.
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We first identify a flat, near optimally-doped BSCCO crystal roughly 80 nm thick, exfoliated

onto a pre-baked and oxygen plasma cleaned substrate (Figure B.1). Next, we evaporate gold

contacts next to (but in contactwith) theBSCCOusing a stencilmask technique26, with aPeltier-

cooled evaporator sample stage (-30 ◦ C).We then cool the substrate to -80 ◦ C, and touch a small

corner of a PDMS stamp to the BSCCO. After the stamp cools down, we quickly141 pull it off.

The competitionof adhesion forces betweenBSCCO, the substrate and coldPDMSoften cleaves

the crystal along a flat plane between BiO planes. We rapidly rotate the substrate by an angle θ,

and place the upper BSCCO crystal on top of both the lower crystal and gold contacts. Next,

the substrate is heated to -35 ◦ C and the PDMS slowly141 removed. Finally, a second set of gold

contacts is evaporatedonto the top surface of the bottomBSCCOcrystal using a stencilmask. This

contact geometry minimizes resistance contribution from intrinsic Josephson junctions along

the c-axis in each bulk crystal. We emphasize that the BSCCO crystals were kept at or below

room temperature, and away from air throughout the fabrication process. Figure 8.1B shows

a completed device. Time between fabrication and measurements are kept as short as possible,

within 2 days.

B.2 MeasurementMethod

All electrical measurements were performed using using 4 contacts to eliminate contact resis-

tances. dV/dImeasurements are performed by adding AC (15 < f < 150 Hz) and DC voltages

generated by a Stanford Research Systems SR830 lock-in amplifier (with 1/1000 voltage divider)

andKeithley 2400 SourceMeter, with a toroidal transformer. The voltage output passes through

a large resistor to form a current source. The voltage across the junction is amplifiedwith a SR570

low-noise preamp, and measured with a Agilent 34401A multimeter and SR830 lock-in ampli-

fier. Cryogenic temperatures are reached using helium flow cryostats.

Shapiro step measurements are performed by generating a fRF < 50 GHz microwave signal
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(Keysight E8257D) and guiding it to the sample through a low-loss semi-rigid coaxial cable with

1.85 mm air dielectric connector (Pasternack PE3C6490). It is epoxy-set into a KF-25 adapter

at the cryostat wall (Torr-Seal. Caution: Torr-Seal epoxy will crack if significantly cooled). The

coax shield is cut about 3mm shorter than the center wire, forming an improvised antenna a few

mm above the sample substrate. Care was taken not minimize bends to the coax cable.

The AFM topography data is taken after the electrical measurement, in a Park AFM system in

non-contact mode.

B.3 List of Devices for Angle-Dependent ICRN Analysis

Herewe list all devices used in the angle-dependent ICRN analysis. Wehave excludednon-superconducting

devices and those with less than 2 contacts on each side of the Josephson junction, which is nec-

essary for a 4-pointmeasurement. To keep doping levels consistent between devices, we have also

eliminated junctions with superconducting transition temperature below 79 K. We take TC to

be the temperature where the junction resistance falls to within 1% of the value at 90K, at zero

current bias.

RN is extracted just under TC at high bias, in order to minimize contributions from in-plane

resistance, whose critical current is expected to be high.
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Figure B.2: Angular dependence and sample quality. Junction TC andR−1
N / Area vs angle respectively, showing

no systematic angular dependence of junction transport quality.
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Table B.1: Summary of device transport characteristics.

θ Area TC RN R−1
N /Area IC(30K)/Area

degrees μm2 K Ω mS/μm2 A / cm2

0 376 86.7 3.6 0.743 1220
0 1393 85 1.9 0.388 577
14 255 79.1 9.3 0.422 927
23 522 88.1 3.0 0.639 1050
27 497 85.9 6.9 0.294 326
119 736 81 11.4 0.119 55
31 417 86 3.5 0.685 106
39 446 85 2.0 1.132 250
39 737 86 3.0 0.454 200
129 144 84 8.8 0.787 140
43 111 86.3 13.7 0.658 90
43 170 79 7.7 0.764 14

43.2 77 85 16.6 0.782 222
43.8 568 88 1.8 0.978 119
44.6 151 80 3.2 2.083 116
44.6 294 84.4 6.2 0.546 45
44.9 123 79 4.0 2.022 38
45.2 182 84 5.9 0.931 32
46.3 130 84 2.9 2.643 412
57 374 79.6 10.8 0.248 170
157 148 86 10.6 0.638 1250
70 293 86.7 8.6 0.397 671
76 227 82 17.5 0.252 442
84 296 84.1 5.9 0.573 848

Figure B.2 shows that while each device is somewhat unique, there is no systematic angular

dependence on the junction TC or conductivityR−1
N /A. The angular variation in ICRN is due to

intrinsic effects near 45◦ rather than extrinsic differences in junction transparency or quality.
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B.4 dV/dI Data for All Samples

Figure B.3 shows the dV/dI color plots for all devices, in the same format as shown in Fig 8.2A in

the main text.

Figure B.4 shows the ICRN(T) for all devices, in the same format as shown in Fig 8.2C in the

main text.

B.5 Voltage Jump at the Critical Current

The I-V characteristics features a jump at IC, which provides an independent way to measure

the symmetry of the superconducting order parameter. Figure B.5 shows the twist angle depen-

dence ofV(IC) for all devices, at four different temperatures. V(IC) closely matches the expected

| cos(2φ)| dependence expected of SIS Josephson junctions between d-wave superconductors.

B.6 Anomalous temperature dependence of Critical Current

To better understand the temperature dependence of the critical current in twisted samples, in-

cluding close to 45o twist, it is useful to derive an exact expression for I(ϕ) that does not rely

on perturbative expansion in the interlayer coupling t. To this end we rewrite the Hamiltonian

asH =
∑

kkk Ψ
†
kkkHkkkΨkkk + E0 where Ψkkk = (ckkk↑1, c†−kkk↓1, ckkk↑2, c

†
−kkk↓2)

T represents a four-component

Nambu spinor, E0 is a constant and the BdGHamiltonian is a 4× 4 matrix

Hkkk =


ξkkk1 Δkkk1 t 0

Δ∗
kkk1 −ξkkk1 0 −t

t 0 ξkkk2 Δkkk2

0 −t Δ∗
kkk2 −ξkkk2

 . (B.1)
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Figure B.3: Color Plot of dV/dI for All Junctions.
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(lines). Red curves fits to the peak in ICRN(T). Horizontal lines at right side of plot shows the offset for each curve,
where ICRN = 0. Curves are ordered by |φ− π/4|where φ = θmod π/2.
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Figure B.5: V(IC) vs φ. Dashed line shows the | cos(2φ)| dependence expected for JJs between d-wave supercon-
ductors.

Here ξkkkα and Δkkkα represent the single-particle dispersion and the gap function, respectively, in

layer α = 1, 2, related by rotation through twist angle θ. The free energy of the system is given by

FBdG = E0 − 2kBT
∑
kkka

ln [2 cosh (Ekkka/2kBT)] . (B.2)
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where the sum extends over all positive energy eigenvaluesEkkka ofHkkk. The interlayer supercurrent

can now be obtained from the Josephson relation

I(ϕ) = (2e/~)dFBdG/dϕ, (B.3)

where ϕ is the phase difference between the layers, assumed to be held constant.

To enable analytic progress we assume a simple rotation-invariant dispersion relation ξkkk =

~2k2/2m − μ common to both layers and we focus on the case when interlayer tunneling con-

serves the in-planemomentum. The twist is encoded in the gap functionsΔkkk1,2 = Δ cos(2αkkk±θ)

where αkkk denotes the polar angle of vector kkk. The two positive eigenvalues of the BdGHamilto-

nian (B.1) are then given by

Ekkk± =

√
(Δ2

kkk1 + Δ2
kkk2)/2+ ξ2kkk + t2 ±Dkkk(ϕ) (B.4)

whereD2
kkk(ϕ) = (Δ2

kkk1−Δ2
kkk2)

2/4+ t2(Δ2
kkk1+Δ2

kkk2+ 4ξ2kkk − 2Δkkk1Δkkk2 cos ϕ). Noting that the phase

ϕ only enters through the cosine term inD2
kkk(ϕ) it is possible, with use of Eq. (B.3), to express the

supercurrent as

I(ϕ) = − sin ϕ
et2

2~
∑
kkk

Δkkk1Δkkk2

Dkkk(ϕ)
∑
a=±

a
Ekkka

tanh
1
2
βEkkka. (B.5)

This relation is non-perturbative in t, which gives small but non-vanishing critical current even

at θ = 45o, in agreement with experimental observations.

To determine Ic it is necessary to find the maximum of I(ϕ) given by Eq. (B.5). Because the

maximum is attained at a generic value of ϕ this can generally only be done numerically. We find,

however, that for twist angles not too close to 45o the maximum occurs near ϕ = π/2 and one

can approximate Ic ≈ I(π/2) to a good accuracy. The temperature dependence of the critical
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current can therefore be usefully analyzed from the expression

Ic(T) ≃
et2

2~
∑
kkk

Δkkk1Δkkk2

Dkkk(π/2)
∑
a=±

[
−a
Ekkka

tanh
1
2
βEkkka

]
ϕ→π/2

. (B.6)

Noting that by definitionEkkk+ > Ekkk− it is easy to show that the last term
∑

a=±[. . . ] in the above

equation is non-negative for all temperatures T, as is Dkkk(π/2). The sign of the contribution of

eachmomentum kkk to the critical current is therefore solely determined by the product of the two

d-wave gap functions Δkkk1Δkkk2 = Δ2 cos(2αkkk + θ) cos(2αkkk − θ). It is easy to see that for non-zero

twist this product isnegative in the vicinity of theBrillouin zone diagonals, i.e. the nodal region of

the original untwistedd-wave superconductor, and is positive in the rest of theBZ.This structure

provides for a simple intuitive understanding of the observed decrease in Ic(0)with an increasing

twist angle. When θ = 0 there are only positive contributions to Ic(0) from the kkk sum and all

momenta contribute coherently. On the other hand for θ > 0 nodal regions begin to contribute

negatively, eventually driving the critical current to near zero when θ ≃ 45o.

The sign structure in Eq. (B.6) also helps explain the anomalous increase in Ic(T) at low tem-

peratures observed for non-zero twist angles. Nonzero temperature promotes existence of pair-

breaking excitations which tend to suppress the supercurrent. In a d-wave superconductor low-

energy excitations reside in the nodal region of the BZmeaning that at low temperatures Cooper

pairs composed of electrons withmomenta in the nodal region are brokenwith the highest prob-

ability. We argued above, however, that in a twisted configuration nodal regions give a negative

contribution to Ic(0). Reducing this negative contribution by thermal excitations will there-

fore produce a net increase in the total supercurrent. A detailed analysis of Eq. (B.6) given in

Ref.269 indeed shows an exponentially activated increase in Ic(T) at the lowest temperatures that

can be attributed to a spectral gap ∼ t2/Δ induced by the π/2 interlayer phase difference. At

temperatures above this small energy scale one finds Ic(T) ≃ Ic(0) + aθT − bθT3 with aθ and

bθ non-negative, twist-angle dependent coefficients. The theoretical analysis thus predicts an ap-
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proximately linear increase in Ic(T) up to amaximumatTmax =
√

aθ/3bθ, followed by a decrease

at higher temperatures. Coefficient aθ is found to grow with increasing θ, reflecting the increas-

ing range ofmomentawhere Δkkk1Δkkk2 < 0. This causes the position of themaximumTmax to shift

to higher temperatures for larger θ, giving rise to a behavior that is qualitatively consistent with

Ic(T)measured in our twisted junctions.

B.7 Shapiro Step Frequency Dependence

Shapiro steps are expected to appear atmultiplesnofhf/2e, where f is the illuminatingmicrowave

frequency. We explicitly check this dependence in Figure B.6, where the periodic dV/dI dips

fan out linearly with f, at both integer and half-integer n, as expected. This is evidence that the

observed dV/dI dips are indeed Shapiro steps.
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Figure B.6: Shapiro step frequency dependence, showing junction dV/dI vs. V undermicrowave illumination at
frequency f. Each trace is offset by 0.5f, so that the expected position of each Shapiro step follows the dashed lines.
Half-integer steps are highlighted in red.
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B.8 Josephson Length Estimate

The magnetic fields enclosed in Josephson junctions are expected to vary on scale of the Joseph-

son length λJ 81. Junctions with lateral size exceeding λJ may contain Josephson vortices, whose

dynamics can also induce subharmonic Shapiro steps. Such steps usually appear at nonzeromag-

netic fields in large junctions.

We can estimate the Josephson length by the expression λJ =
√

~/2eμ0JCd, where JC is the

critical current density and d is the thickness of the bulk crystal surface layer where magnetic

fields may penetrate81. From our Fraunhofer patterns, d ≈ 30 nm and is bounded above by the

total thickness of the device. In our 44.6◦ junction, the critical current density is 9.7 A / cm2,

which corresponds to λJ = 300μm. This is 10 times larger than the actual lateral size of the

device, which is about 25 μm on the longest axis. For such small devices, subharmonic Shapiro

steps originating from flux dynamics is not expected to appear.

In addition, our Shapiro steps are detected at zero magnetic field, and only appear when the

twist angle theta is within about a 1◦ range around 45◦. This is precisely the angle where JC is

maximally suppressed and λJ reaches a maximum. We therefore conclude that the half-integer

Shapiro steps are unlikely to originate from flux motion.
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