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Outline
• Background 1: Quantum Materials (Brief)

• Background 2: Josephson Junctions (JJs) (Brief)
• The Josephson Effects

• JJs critical to 21st century technologies

• Main: Quantum material (QM) JJs – the next generation JJ
• Thesis: Use the inherent properties of the QM to modulate JJ 

behavior (and SC) in new and unexpected ways
• Strongly correlated insulator (Mott Insulator) JJ – breathing Kagome 

• Nb3Cl8/Br8/I8 and the field-free Josephson diode (non-reciprocal 
superconductivity)

2
H, Wu., et al, Nature, 604, 653-656 (2022) H. Wu et al, under review at Nature, 2024 M. Dubbelmann et al, manuscript in preparation 2024



Background 1: Quantum Materials
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Quantum Materials

“The simplest of definition might be that a quantum material is a 

material whose electronic or magnetic properties are not best 

described using classical particles or calculations that do not take 

into account the full character of the system.”

• Topological materials

• Spin liquids

• Quantum Ferroelectrics

• Quantum Magnetoelectrics

• Exotic magnets

• Superconductors

• Many more classes

• 2D ones are especially fun: can easily be

made into quantum devices!

YBa2Cu3O7-x
(YBCO)
4

Rao, M. S. R., Bhallamudi, V. P., Hammel, C. P., Journal of Physics D: Applied, 51, 2020

?

Y. Wang et al, Science Advances 9, 28, (2023)

C. Z. Chen, et al, Phys. Rev. B. 98, 075430

Y. Choi, et al, Nature Materials, 19, 974, 2020 

Y. Wang, et al, Nature Physics, doi:10.1038/s41567-021-01190-7, 2021 Y. Wang et al, Nature Reviews Physics, 5, 635–658 (2023)



2D Quantum Materials can exfoliate/transfer

• Nearly layer by layer 
construction
• 2D limit, finite size

• Can make novel 
heterostructures 
• Non-thermodynamic 

products

• Access novel areas of 
materials phase space
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Background 2: Josephson Junctions (JJs)
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Brian Josephson and the “homework” myth
• 1962 – Brian Josephson (22 y/o) predicted that two 

superconductors separated by a thin insulating barrier 
would have a spontaneous DC current.

• Myth: Josephson’s calculation was part of a HOMEWORK 
assignment of P.W. Anderson’s (Nobel Laureate).

• The truth:  

Hyperphysics, http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/coop.html, Peter Hirschfeld, PHZ7427, Josephson 

http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/coop.html


The Josephson Junction – Coherent wavefunctions

• Two superconductors connected via a “weak link”
• Typically a barrier material either Insulating or Normal Metallic

PHYS598 A.J.Leggett, Lecture 13 The Josephson Effect

Top: planar JJ 

schematic Bottom: 

Vertical JJ schematic. 

Lee, G. H., et al, Nat. Comm. 6, 6181, 2015
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JJs in modern technology – from sensors to computers

b) Schematic of ADMX (Axion Dark 

Matter Experiment) which uses a SQUID 

amplifier [5]. c,d) SQUID magnetometer 

used in geological analysis and magnetic 

resonance imaging. e.) D-Wave Pegasus 

16 RSFQ Computer Chip with 106 

Josephson Junctions. 

Quantum Computing: 

Al/AlOx/Al, Basic superconducting 

Qubit schematics. Left: Charge Qubit; 

Middle, Flux Qubit, Right, Phase 

Qubit, All 3 utilize JJs in their 

design.

Aszlatos, S. J., et al, Phys. Rev. Lett. 104, 041301, 2010
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Main: Quantum material (QM) JJs – the next generation JJ
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Quantum Materials as the barrier in JJs (QMJJ)

INTERFACE QM phenomena into superconductivity!

• 1.) Topological materials

• Berry curvature, spatially confined states

• 2.) Spin liquids

• Magnetic frustration

• 3.) Certain Ferroelectrics

• Polarization

• 4.) Certain Magnetoelectrics

• Chern-Simons interaction

• 5.) Non-collinear magnets

• Spatially varying local magnetic field

• 6.) Strongly correlated materials (not SC)

• Mott-Hubbard Insulators (MI)

• Much much more

Modulate the SC in ways we could only dream of in bulk!
11

C. Z. Chen, et al, Phys. Rev. B. 98, 075430

Y. Choi, et al, Nature Materials, 19, 974, 2020 

Y. Wang, et al, Nature Physics, doi:10.1038/s41567-021-01190-7, 2021

QM

Y. Wang et al, Science Advances 9, 28, (2023) Y. Wang et al, Nature Reviews Physics, 5, 635–658 (2023)
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Kinetic Energy 

A. Caviglia, AP3211 Advanced Solid State 
Physics, TU Delft, 2021



what happens?
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MI

MI

“-U” +U “-U”

• Mean field, MI barrier is instrinsically antagonistic!
• Harder to couple than normal insulator (given same band gaps and thicknesses)
• BUT…inversion and time reversal symmetries can be broken…what happens then?

T. Morimoto and N. Nagaosa, Scientific Reports volume 8, Article number: 2973 (2018

https://www.nature.com/srep


So which QM-MI? Kagome – “in a basket…eyes”

• Japanese Basket Weaving Pattern -> Real world solid state crystal structure
• “Trihexagonal Tiling” – 4 connected: each vertex has 4 neighbours
• Hexagons + Triangles

S.Y. Yang, et al. Science Advances (2020): eabb6003.

AV3Sb5, A = K, Cs, Rb



E
Anti bonding (AB) – 
Always the highest 
energy

Bonding (B) – Always 
the lowest energy

Equal parts B and 
AB? – Non-bonding 
(NB); energy 
relatively unchanged 
from free ion levels

A simple model: create “bands” by starting with monomers and adding units 
“infinite” polymer: Atomic Orbitals -> Molecular Orbitals -> “bands”

Recall bonding and energy splitting



Quick refresher: A chain of hydrogens 

Bloch function representation of the overall wavefunction: Xn is the 
“basis set”

n is the hydrogen position, a is the unit cell size, X0, etc. are 
the atomic orbitals of the atoms. 

What happens when k = 0? Exponent dies

What happens when k = /a? alternating positive and negative

Chemist: Out of phase…antibonding, highest energy

Chemist: Same phase overlap…bonding, lowest energy



Dispersion (energy separation 
between B and AB) goes like 1/a

AB

B



What about more than 1 electronic unit in the unit cell?

Consider a chain of hydrogen atoms again, but consider doubling the unit cell

Physically 
unstable



All AB

All B

Part B



The Peierls Distortion

Things WANT 
to bond in 
solids…it 

lowers energy

Part B+

Part B-



Choice of basis: 

2x out-of-phase; 1 node,
2x 50% in-phase; 1 out of phase

3x in-phase

Consider a set of all pz-orbitals
(for now, px/py ignored)









Consider a set of all pz-orbitals
(for now, px/py ignored)

Choice of basis: 

2x out-of-phase; 1 node,
2x 50% in-phase; 1 out of phase

3x in-phase

AB Chains

All B

AB Chains

B Chains AB ChainsNon Bonding

AB ChainsB TrimersB Trimers







Johnston, R., Hoffman, R., Polyhedron, 9, 15, 1990



Consider a set of all pz-orbitals
(for now, px/py ignored)

Choice of basis: 

2x out-of-phase; 1 node,
2x 50% in-phase; 1 out of phase

3x in-phase
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Johnston, R., Hoffman, R., Polyhedron, 9, 15, 1990
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Johnston, R., Hoffman, R., Polyhedron, 9, 15, 1990

Atomic Orbitals -> Molecular Orbitals -> “bands”

All bands in atomic lattices come from interference…of orbitals
Hoffman, R., “Of Solids and Surfaces”, Wiley-VCH, 1988



Ideal Kagome Nets – close but not our MI

• Dirac Point at K and 
surface/edge states in 
SOC gap opening - 
topology

• Van Hove Singularities 
– strong correlations

• Flat Band – strong 
correlations

“Quantum states and intertwining phases in kagome materials” Y. Wang et al, Nature Reviews Physics, 5, 635–658 (2023)

?



Trigonal distortion: Kagome insulator

Johnston, R., Hoffman, R., Polyhedron, 9, 15, 1990



QM of choice: Nb3Cl8/Br8/I8

• Kagome Insulator (Nb)
• Layered, van der Waals gap
• Trigonally distorted (“breathing mode”) Kagome 

Insulator
• AFMs in bulk (so far)

Inorg. Chem. Front., 2017, 4, 481

Inorg. Chem. 2017, 56, 3483−3488



27
Grytsiuk, R., Roesner, M., NPJ Quantum Materials, 9, 8, 2024

• Formally Nb3Cl8: 8e-(Cl) / 3 = 2.667+/Nb
• 3+, 3+, 2+ oxidation states – Nb brings 5 electrons so
• 2e- + 2e- + 3e- = 7e- in 3d-p molecular orbitals



28
Grytsiuk, R., Roesner, M., NPJ Quantum Materials, 9, 8, 2024

• Formally Nb3Cl8: 8e-(Cl) / 3 = 2.667+/Nb
• 3+, 3+, 2+ oxidation states – Nb brings 5 electrons at Nb0 so
• 2e- + 2e- + 3e- = 7e- in 4d-p molecular orbitals
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Nb3X8 Series Expectation

What happens to the “mott 
insulating” state as a function 
of F(not yet) -> Cl -> Br -> I?

Chemical expectations:

• Larger orbitals, increased 
overlap

• Increased band dispersion; 
less flat

• Decreased magnitude of 
hubbard U, increased
magnitude of hopping, t

• So maybe MI -> Trivial I



Niobium Halides and their “Mottness” 

• Nb3Cl8
• Deep Mott Insulator (U >> t)

• Nb3Br8

• OK Mott Insulator (U > t)

• Nb3I8

• Junky MI or trivial insulator (U ~ t)

Gao, S. et al. Discovery of a Single-Band Mott Insulator in a van der Waals Flat-Band Compound. Phys. Rev. X 13, 041049 (2023).
Grytsiuk, S., Katsnelson, M. I., Loon, E. G. C. P. van & Rösner, M. Nb3Cl8: a prototypical layered Mott-Hubbard insulator. npj Quantum Materials 9, 8 (2024).



Nb3Cl8/Br8 QMJJs

h-BN / Thick NbSe2 / 3-layers Nb3Br8 / Thick NbSe2 / h-BN

Breaking inversion symmetry: 3 (4,5) layer stack AND arbitrary 
twist angles of NbSe2 layers 

31
H, Wu., et al, Nature, 604, 653-656 (2022)



Nb3Br8 Junction
Critical Current with negative voltage is 
greater than with positive voltage: Ic

32
H, Wu., et al, Nature, 604, 653-656 (2022)



10,000 cycles, 0.5Hz, no punch through 
error

So…If Iapplied is chosen carefully, Junction should SC in 
only one direction!

Iapplied = +/- 7.9 
uA; in between 
Ic+ and |Ic-|

T = 20 mK, B = 0, 
freq = 0.1 Hz

Rectification 
Ratio >104

SCSC SC SC SC SC SC SC SC SC

Rectified half the excitation! Josephson DIODE 33
H, Wu., et al, Nature, 604, 653-656 (2022)



Does it really work field-free (B = 0)?

YES! Ic is non-zero at B = 0

Compare with the 
bulk superconducting 
diode effect from 
magnetochiral 
anisotropy:

Ic = 0 at B = 0

The Josephson diode 
is NOT the same 

mechanism as the 
bulk SC diode

F. Ando, et al, Nature, 584, 373, 2020 
34

H, Wu., et al, Nature, 604, 653-656 (2022)



What about Nb3Cl8?

A3. n45cI =

2um

22nA/ mcJ + 



Field Dependence of Nb3Cl8 Junction



Field Dependence of Nb3Cl8 Junction



Comparing Field Dependence of Nb3Cl8 & 
Nb3Br8

• Nb3Cl8   →

• Nb3Br8   →

• Wu, H., et.al. (2022). The field-free Josephson diode in a van der Waals 
heterostructure. Nature, 604(7907), Article 7907. 



Is it really the Nb3Cl8Br8 barrier? 

39
H, Wu., et al, Nature, 604, 653-656 (2022)

NbSe2/NbSe2 

NbSe2/FLG/NbSe2



Categorizing Superconduting Diode Effect 
Devices by Magnetic Field Response

• Wu, H., et.al. (2022). The field-free Josephson diode in a van der Waals heterostructure. Nature, 604(7907), Article 7907. 
• Ando, F., et.al. (2020). Observation of superconducting diode effect. Nature, 584(7821), Article 7821.
• Narita, H., et.al. (2022). Field-free superconducting diode effect in noncentrosymmetric superconductor/ferromagnet multilayers. Nature Nanotechnology, 17(8), 823–828

Crossing around zero field

V/Nb/Ta multilayers

Crossing around finite field

EuS JJ with FM order

No crossing

MI JJ
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Nb3X8 Series Josephson Diodes
What happens to the Josephson 
Diode behaviour as a function of F 
(not yet) -> Cl -> Br -> I?

JD behavoir got worse. 
How does magnetism affect it? 
Clearly different than others (e.g. EuS, 
gated graphene, etc)

Nb3Cl8 Nb3Br8 Nb3I8

JD Type FF. Symm FF. Symm ?

U/t (theory) ~40 ~10 ~2

Jc ~2nA/m2 ~2A/m2 ?

Ic ~3nA ~700nA ?

Ic/Ic (%) ~45% ~10% ?



Nonreciprocal (NR) Conduction in general

• Reciprocity – signal travels in the same manner both “forward” and 
“backwards”.
• Rich physics – Green, Rayleigh, Onsager, Casimir, etc.

• Governs most electronic circuits/components, severe operating restrictions

• Non-Reciprocal – forward and backward flows differ
✓Break inversion symmetry (x,y,z) != (-x, -y, -z)

✓Then need a nonlinear response (E.g. p/n junction, MCA)

✓For a single crystalline system, break time-reversal symmetry (TRS) with magnetic field or 
spatial effect (i.e. electronic correlation and dissipation)

✓Rectification (Diode Effect): very basic demonstration of non-reciprocity

Nakai, R., et al, Phys. Rev. B 99, 115201 (2019) Morimoto, T. et al, Sci. Rep. 8, 2973, 2018 Nagulu, A., et al, Nature Electronics, doi: 10,1038/s41928-020-0400-5

NR - critical for many components (gyrators, isolators, circulators, active transistors, etc) - important for 
everything from wireless transmitters to quantum computing! 42



Potential Benefits of Non-Reciprocal SC devices

• ENERGY: Dramatic switching energy reduction

• SPEED: Old IBM studies; material possibilities up to THz switching

• SIZE: Quantum Materials, 2D JJs, few nm thick

Wang, H., et al, Nanoscale, https://doi.org/10.1039/C4NR03435JDienst, A. Nature Photonics, 5, 485, 2011
43

Enables superconducting non-reciprocal circuits and components 

in analogy

to semiconducting non-reciprocal circuits and components!



44

Engineering and 
Technology 2022



Superconducting Diode Effects

Bulk symmetry broken 
Superconductors

Classical 
Josephson 

Junction arrays 
and geometries

Quantum 
Material 

Josephson 
Junctions

SDE w/o FieldSDE w/Field

Thin film
Superconductors

Finite 
Momentum

Magnetochiral 
Anisotropy

?

45

Vortex and 
Flux diodes

Asymmetric 
Devices



Non-reciprocal superconductivity via QMJJs

• Explosion of realisations: 
• Topological Insulators 

• Dirac/Weyl Semimetals

• 2DEGs

• Twisted Graphene Heterostructures

• Single atom scale JJs: Pb-Cr-Pb

• Ferromagnetic JJs

46

State of the art: 
Efficiencies > 50%

Working temperature > 77K

Switching speed > 100KHz

Scalability – Ongoing



QMJJs moving forward
• 1.) Strongly correlated materials (not SC)

• Mott-Hubbard Insulators

• 2.) Topological materials

• Berry curvature, spatially confined states

• 3.) Spin liquids

• Magnetic frustration

• 4.) Certain Ferroelectrics

• Polarization

• 5.) Certain Magnetoelectrics

• Chern-Simons interaction

• 6.) Non-collinear magnets

• Spatially varying local magnetic field

• Much, much more

47

C. Z. Chen, et al, Phys. Rev. B. 98, 075430

Y. Choi, et al, Nature Materials, 19, 974, 2020 

QM

Y. Wang et al, Nature Reviews Physics, 5, 635–658 (2023)



48

Table 1|  Properties of Kagome materials
Materials Low Temperature Magnetism Topological Electron 

Correlation

Phase transitions

AV3Sb5

(A=Cs, K, Rb)
No long range order but TRSB reported78,119,120 Dirac semimetal32,62

Weak e-e 

correlation84,

vHS62,63, flat 

band60

Structure distortion86,87, CDW69, 

PDW29, nematic/stripe 

orders28,73, SC30

RMn6Sn6

Ferrimagnetic: R=Tb, Dy, Ho, Er (conical 

magnetic order in R= Dy, Ho) 185

Antiferromagnetic: R= Tm185

Antiferromagnetic, double-flat-spiral: R=Y, Sc, 

Lu, Er187–189

Ferromagnetic: R=Li, Mg, Ca191,192

Chern phase: R=Tb35, Gd-

Er202, proposed for 

R=Y204

Dirac cone in YMn6Sn6
204

flat band and vHS 

reported in 

YMn6Sn6

Magnetic transitions

RMn6Ge6

Ferromagnetic: R=Nd, Sm179

Antiferromagnetic: R=Dy-Yb, Sc, Y, Lu, 

Gd177,193

Not reported
Not clear Magnetic transition

RFe6Sn6,RFe6Ge6

R=Dy-Yb, Sc, Y, Lu
Mostly antiferromagnetic177,178 Not reported Not clear Magnetic transitions

RV6Sn6

Non-magnetic: R= Y194

Weak paramagnetic: R=Sc195

R=Gd: weak, field dependent magnetism194

Dirac cone in R=Gd, 

Ho201,202

vHS in R=Gd, 

Ho201,202

Structural and CDW transitions in 

ScV6Sn6
195

Magnetic transition in GdV6Sn6
194

MoCo6Ge6 

Yb0.5Co3Ge3

Paramagnet196

Weak magnetism, possible magnetic transition 

around 20 K41,42

Not reported

Not reported

Not clear

Not clear

Structural transition196

Structural transition42 

Nb3X8

(X=Cl, Br, I)

X=Cl, Br, paramagnetic to nonmagnetic 

transition (bulk crystal)37

Thin film: not clear

Not reported

Strong correlation 

Flat band40,223,228

Mott insulator39,40

Structural and magnetic 

transition

FeGe

FeSn

CoSn

Antiferromagnetic230 

Antiferromagnetic15 

Paramagnetic16

Not reported

Dirac cone15

Dirac cone16

vHS230

Flat band15

Flat band16,17

FeGe230: Structural, CDW and

magnetic transitions

Mn3Ge,Mn3Sn Chiral antiferromagnetic20,22 Weyl semimetal21 Not clear Magnetic transition

Co3Sn2S2 Ferromagnetic14 Weyl semimetal13,14 Flat band235 Magnetic transition

Fe3Sn2 Noncollinear ferromagnetic, skyrmion18,19 Massive Dirac point236 Flat band237 Magnetic transition

RT3X2 Mostly weak magnetism213–215,233,238,239
Dirac cone 

proposed214,234 

Flat band, vHS 

proposed214,234

SC in many compounds, e.g. 

LaRu3Si2
213,240, LaIr3Ga2

214, 

YRu3Si2
215, LaRh3B2

239, CeRh3B2
239

Triangularly distorted

?

Y. Wang, H. Wu, G. McCandless, J. Chan, M. Ali, Nature Reviews Physics, 5, 635–658 (2023)
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