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Formation of a Cooper pair condensate

credit P. Hirschfeld
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Superconducting Quantum Devices
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review.jp/archive/ntttechnical.ph
p?contents=ntr200801sp6.html
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‘The study of superconductivity is littered with disappointments, dead ends, 
and serendipitous discoveries’*

*Prof. Antia Botana, ASU



Outline
• Background & overview 

• Recreating cuprate physics: Triangular tin lattice on a silicon template

• Modulation doping and evidence for Mott physics

• Superconducting properties

• Time reversal symmetry breaking and d-wave pairing

• Conclusions and outlook

• Electron doping and charge ordering



Keimer et al. Nature ‘15• Doped Mott insulators
• Quasi 2D phenomenon

High temperature superconductors
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a dream…..



atomic limit

 Insulator – metal (Mott) transition when U* ≅ W
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Mott Physics 101
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Doping a Mott Insulator

quasiparticle
peak

M. B. J. Meinders, H. Eskes, and G. A. Sawatzky,
Phys. Rev. B 48, 3916 (1993).



Frustration:   spin pairs cannot all be simultaneously
in the lowest energy configuration
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Classical Neel long-range
order (120°) for large U/W

= 1/√2 (      - )

RVB: frustration, low spin, low dimensionality
Metallization or doping: route to high Tc superconductivity?

2D quantum spin liquid versus classical Neel order



Order parameter symmetry

Ψ = Δ0𝑒𝑒𝑖𝑖𝑖𝑖

conventional unconventional
Sn, Pb, MgB2…. high-Tc cuprates
phonon mediated strong Coulomb repulsion



‘Exotic’ chiral d-wave order parameter

- topology set by Chern/winding number of    
- order parameter
- d+id wave winds twice around Γ  (N = 2)
- 2 chiral copropagating edge states per edge

- NaxCoO2·yH2O, hole-doped graphene, SrPtAs,…….

 - triangular lattice
 - dxy and dx2-y2 order parameters 90° out of phase
 - broken TRS

A.M. Black-Schaffer et al., JPCM 26, 423201 (2014)



Submonolayer of Sn on Si(111)



Competing phases

3x3 charge ordered metal

3x3 charge ordered insulator

e.g.,  Sn on Ge(111)

Pb on Si(111) or Ge(111)

J.M. Carpinelli et al.,  Nature 381, 398 (1996) 
and PRL 79, 2859 (1997)

R. Cortes et al, PRB 88,125113 (2013)



DFT

DFT+DCA



S. Johnston

DFT

DFT+DCA

Sn/Si(111)



Why is this system interesting: direct access to Mottness!
Sn/Si(111)

Cuprates:
Complex 
Oxides

*J.-O. Jung et al., Rev. Sci. Inst. 88, 103702 (2017).

Cuprates,
Complex 
oxides

Sn/Si(111)



Scanning Tunneling Microscopy and Spectroscopy

STS

dI/dV ∝ LDOS

STM

QPI



Doping the Sn terminated Si(111) surface

Ming et al., PRL 119, 266802 (2017)
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Modulation Doping Scheme

Material BMaterial A
Heavily B-doped (p-type) Si substrates
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Doped Mott insulator, spectral weight transfer and van Hove singularity

U ≅ 0.6 – 0.7 eV

W ≅ 0.6 eV

10% hole doping
(p = 0.1)

vHs

B
B

Ming et al., PRL 199, 266802 (2017)



Quasi Particle Interference Imaging Sn on Si(111)

Ming et al., PRL 199, 266802 (2017)



Fermi surface

QPI T-matrix
simulation

DFT



Superconductivity

Wu et al., PRL 125, 117001 (2020)

p = 0.1



Superconductivity

Wu et al., PRL 125, 117001 (2020)

TC similar to that of  
NaxCoO2·yH2O

Nature 422, 53 (2003)
Nature 424, 527 (2003)

p = 0.1
Tc = 4.7 ± 0.3 K



Vortices

Wu et al, PRL 125, 117001 (2020)

p = 0.1

Hc2(0 K) = 3 T

Tc = 4.7 ± 0.3 K



Doping dependence

p = 0.08

Tc = 7.6 ± 0.2 K
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Doping dependence
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Fitting the superconducting gap

Chiral d-wave versus (anisotropic) s-wave



QPI Experim
ent

H 

L 

0 mV

-5 mV 5 mV

5 
nm

0 mV

H 

L 

H 

L 

s waved+id wave

Sim
ulation

Ex
pe

rim
en

t



V = adatom vacancy

S = substitutional Si atom

A = extra Sn adatoms

On (1-6) = unknown defects

All types of defect produce a 
pair of gap states. Either they 
are all magnetic or the 
superconductor breaks time-
reversal symmetry (as in d+id
or p+ip).

Defect scattering

A



Magnetic defects?

Simulations by Cesar Gonzalez and Jose Ortega (Madrid)

Sn adatom defect

Experiment

simulation

Substitutional 
defect

Spin-polarized DFT indicates
that defects are non-
magnetic

Good agreement between 
experimental and simulated 
STM images from DFT gives 
confidence that the DFT 
results are correct

Chiral order parameter most 
likely interpretation (d+id or 
p+ip)

p+ip ruled out



Sanity check 

Near-edge ZBC in STM is consistent 
with existence of chiral edge states

J. Strockoz and J. Venderbos (Drexel)
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Conclusions and Outlook
• 1/3 ML of Sn transforms a hole-doped Si(111) semiconductor surface into a 

superconductor. Exceptionally clean and simple materials system

• Evidence points to Mott physics and chiral d-wave pairing

• Consistent with theoretical predictions for Sn/Si(111), e.g., Cao et al., PRB 97, 155145 
(2018) and Wolf et al., PRL 128, 167002 (2022), as well as our own DCA results

• Semiconductor surfaces may be ideal test bed for studying and exploiting correlated 
topological states of matter 

• Superconductor can possibly be altered or engineered using standard semiconductor 
processing or surface science approaches 



Electron doping via K deposition

T.S. Smith et al, PRL 124, 097602 (2020)



-1.5 V

Sn ‘up’

+1.0 V

Sn ‘down’

+2.5 V

K adatoms

(2√3×2√3)R30° charge-ordered insulator 

PRL 124, 097602 (2020)



Back-up Slides

hole dopingelectron doping

6~8 % hole doping: 
Superconductivity Tc ≈ 7~9 K 

10 % hole doping：
Superconductivity : Tc ~ 4.5 K 
PRL 125, 117001 (2020)

Zero doping: Mott insulator
PRL 119, 266802, (2017)

50 % electron doping: 
Charge order T * ~ 290 K
PRL 124, 097602 (2020) 
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THANK YOU



Structure of the Cooper pair

*S. Zhou & Z. Wang, Phys. Rev. Lett. 
100, 217002 (2008). 

Real Space Picture

l = 2, n = 1



Structure of the Cooper pair

Momentum Space Picture

*S. Zhou & Z. Wang, Phys. Rev. Lett. 
100, 217002 (2008). 

Real Space Picture

* Note: Zhou & Wang’s (kx,ky) is rotated 90 
degrees relative to my real space picture.

l = 2, n = 1
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