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Unconventional SCConventional SC
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• Strongly correlated 

electron systems

• Hard-core atoms:
 superfluid 3He-A

 cold atoms

e e

For extended electrons For electrons with

more localized orbits

compromise between 

attractive & repulsive 

interactions

For electrons with 

strong SOC or spin-

momentum locking

p-wave, d-wave, …

high angular momentum

Spinless, p-wave-like

… …

Emerging topological 

superconductivity in 

new topological 

materials/hetrostruc.?

 Doped TIs, Weyl SM., 

Hybrid devices, …

 TMDC

 … …

Conventional vs. Unconventional Superconductivity

s-wave pairing

zero angular momentum  

 Most known SCs

拓扑材料中的超导
顾开元 罗天创 葛军 王健
《物理学报》2020



Pairing Symmetry, Even/Odd Parity
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Pairing Symmetry, Even/Odd Parity
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C. C. Tsuei groupvan Harlingen group

0-junction

p-junction

p-loop in a tri-crystal ring

d-wave superconductivity in cuprates 

0-loop

confirmed by phase-sensitive experiments

Oliver E. Buckley Condensed Matter Physics Prize (1998)



• Coexist. of SC and FM  V. Ginzburg, 1956

M. Eschrig, Phys. Today’ 2011

• Magnetic fluctuation-mediated   

triplet pairing 
Fay, Appel, PRB’1980

p-wave Superconductivity (Theory)
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• Triplet pairing near SC-FM interface

FFLO mechanism
Fulde, Ferrell, PR’ 1964, 

Larkin, Ovchinnikov, 

Sov. Phys. JETP’ 1965

p-wave SC may coexist with 

magnetic ordering or 

magnetic fluctuations



• 3He-A D. M. Lee, D. D. Osheroff and R. C. Richardson, 1971  +  A. J. Leggett

• Heavy fermion superconductors:

CeCu2Si2, UGe2, UPt3, URhGe, UCoGe, … 30+

• … … 

p-wave Superconductivity (Experimental)

Y. MAENO, JPSJ 81, 011009 (2012) 



S. Saxena, et al., Nature’ 2000.

Anomalous properties in:

 heat capacity

 magnetic susceptibility

 penetration depth

 NMR

 … …

p-wave Superconductivity (Experimental)

Needs to rule out:

• local phase separation,

• inhomogeneity 

• … …



Sr2RuO4: px+ipy-wave SC candidate?

Y. Liu, Maeno, Science 2004

K. Ishida et al. PRB’ 01       H. Murakawa et al. JPSJ’ 07

Budakian, Maeno, Science 2011

99Ru

101Ru



Chiral px+ipy pairing, more features to expect 

• Edge currents & 

Edge magnetization 

M. Sigrist, T. M. Rice, K. Ueda, 

PRL 63, 1727 (1989)

l > x

• Superconducting domains



Search for edge magnetization in Sr2RuO4 

InAs/GaSb 

PRL 113, 026804 (2014)

Phys. Rev. B 72, 012504 (2005)

Phys. Rev. B 76, 014526 (2007)

Phys. Rev. B 81, 214501 (2010)

Fail to observe edge current 

and/or edge magnetization



Sr2RuO4: px+ipy-wave SC candidate?

K. Ishida et al. PRB’ 01       H. Murakawa et al. JPSJ’ 07

Budakian, Maeno, Science 2011Y. Liu, Maeno, Science 2004

99Ru

101Ru

K. Ishida et al., JPSJ’ 2020 A. Pustogow et al., Nature’ 2019



Sr2RuO4: px+ipy-wave SC candidate?



• J. S. Moodera et al, PRB 42, 179 (1990).

• P. LeClair, J. S. Moodera, J. Philip, and D. Heiman, PRL 94 037006 (2005).

rhombohedra Bi

fcc Ni

• Superconducting, Tc ≃ 4.2 K

• Coexistence of SC and FM

The SC was believed to arise from fcc-phase Bi induced by Ni.

Bi/Ni bilayer



Bi/Ni epitaxial bilayer from Fudan U

X.F. Jin group

at Fudan U

rhombohedra

fcc

The superconductivity is likely unconventional, 

because it coexists with FM.

in-plane magnetization

X. F. Jin group, Chin. Phys. Lett. 32, 067402  (2015)



Kerr Measurement based on Sagnac Interferometer

Time-Reversal-Symmetry-Breaking Superconductivity 

in Epitaxial Bismuth/Nickel Bilayers

X.X. Gong et al., Sci. Adv. 3, e1602579 (2017)



SQUID VSM measurement: Anomalous out-of-

plane magnetic moment arises below Tc

TC

Zero-Field Cooling (ZFC)

The motivation of this work:

• What is the origin of this anomalous moment?

• Given the fact of SC and FM coexistence, 

could the moment arise from the orbital moments 

of Cooper pairs in a chiral superconductor?



Top view

Design of the experiment

Using Bi/Ni bilayer itself to form SQUIDs, to search for 

out-of-plane magnetic moments at the edges

dc SQUID cross-section view of flux lines



Superconducting quantum interference



Anomalous “advanced” hysteresis



Sr2RuO4 - Pb

Josephson Junction
van Harlingen group

Science 2006

Anomalous “advanced” hysteresis



Control Experiment

Pb-Au-Pb SQUID



Compressed periods due to anomalous phase shift

Compressed 

oscillation 

period

Anomalous

phase shift

in each period

DH1 DH2

Accumulated 

anomalous

phase shift



DH1 DH2

The hysteresis loop is clockwise，
which is “anomalous”, being qualitatively 

different from the ccw ones for FM and flux pinning.

Compressed periods due to anomalous phase shift

D
d
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Is the anomalous hysteresis related to or influenced 

by the ferromagnetic moments of itinerant electrons?

rhombohedra Bi

fcc Ni
in-plane B 

up to 1000 G

Coercive field

~ 100 G

In-plane M-H curve



In-plane field dependence of hysteresis

H||

The Anomalous 

hysteresis is 

NOT related to

the itinerant 

ferromagnetism.



The Picture

• Anomalous phase shift as reflected in interference      

 anomalous flux/moments

• The anomalous moments arise from the orbital 

moments of the Cooper pairs.

• While the orbital moments in the bulk of SC are 

screened by the Meissner screening current, the 

moments at the edge are not.



high angular 

momentum pairing

• Edge currents & 

Edge magnetization 

M. Sigrist, T. M. Rice, K. Ueda, 

PRL 63, 1727 (1989)

l > x

• Superconducting domains

The Picture



Top view

Design of the experiment

Using Bi/Ni bilayer itself to form SQUIDs, to search for 

out-of-plane magnetic moments at the edges

dc SQUID cross-section view of flux lines



The Picture

• The “advanced” hysteresis is related to the SC domain 

wall motion,  triggered by DB instead of by B.

tMeissner > tedge

B=0B=0 B=0B=0



The Picture



The Picture for “Advanced” Hysteresis



The Picture for “Advanced” Hysteresis



The anomalous phase shift is proportional to 

the perimeter of the Bi/Ni ring

Estimated 

domain size



SC domains, edge currents/magnetization  Chiral superconductivity
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Chiral-p or Chiral-d ?

(Yakovenko group, U. Maryland)(Armitage group, Johns Hopkins U)

Chauhan et al., PRL 122, 017002 (2019)
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Gong et al., Sci. Adv. 2017;3: e1602579

复旦大学陈焱教授



Conclusion

 We have observed anomalous moments on Bi/Ni bilayer, 

showing “advanced” hysteresis.

 We attribute the moments to the orbital moments of Cooper 

pairs in chiral superconducting Bi/Ni, and attribute the 

hysteretic behavior to the motion of chiral superconducting 

domains.

 Further study is needed to identify whether the pairing 

symmetry is            or px+ipy dxy+id      x2-y2

J. H. Wang et al., PRB 96, 054519 (2017)


