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Electronic nematic state

Chu et al, Science (2012)

Ba122 elastoresistivity

~0.3% change in a,b at Ts in Ba-122

orthorhombic state displays 
strong anisotropies that 

cannot be attributed to the 
lattice distortion only 

TsTN

FeSe vortices near twin bdry
Watashige et al, Science (2010)

Fe-based SC



PNAS 115, 1227 (2018) 



Science Advances 4, eaar6419 (2018): 
SC state with nonzero zero-bias DOS!

Conclusion from experiments: gap is (even) more anisotropic outside nematic phase!

NOT due to disorder in nodal SC state
Q. Osc.: Coldea et al npj-Quant. Mat. 2019



BCS-BEC crossover in FeSe,S?

Mizukami et al, arXiv:2105.00739

Coldea et al, npj Quantum 
Mater., 4, 2 (2019)

But: correlations tend 
to decrease with x

Large thermo fluctuations for x>0.17:
But: no pseudogap

Hanaguri et al, PRL 122, 
077001 (2019)



Gap nodal surfaces in unconventional superconductors:



Another possibility? 

Ingredients: 
• even-parity superconducting state
• spontaneous time reversal symmetry breaking (TRSB) (e.g. kz(kx+iky)) 
• effective j=3/2 fermions

PRL 118, 127001 (2017)

BFS creation associated 
with topological transition 



Other examples of Bogoliubov Fermi surfaces 

d-wave SC in Zeeman field

Wang-Vafek PRB 2013 Berg et al  PRL 2008

d-wave SC with loop current order

𝐻𝐻(𝐤𝐤) = Δ(𝐤𝐤) 𝑖𝑖𝜋𝜋𝑦𝑦 ⊗ 𝑖𝑖𝜎𝜎𝑦𝑦 + 𝜖𝜖(𝐤𝐤) 𝜋𝜋𝑧𝑧 ⊗ 𝜎𝜎0 + ℎ 𝜋𝜋𝑧𝑧 ⊗ 𝜎𝜎𝑧𝑧

P f(𝐤𝐤) = 𝜖𝜖 𝐤𝐤 2 + Δ 𝐤𝐤 2 − ℎ2

Min{Pf(𝐤𝐤)} = Δ(𝐤𝐤)2 − ℎ2

changes sign near nodes

𝜎𝜎𝑖𝑖 and 𝜋𝜋𝑖𝑖 = Pauli matrices in spin/particle-hole space h→h(k)
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Setty et al,
Nat Comm 11, 523 (2020)
PRB 102, 064504 (2020) 

H is CP-symmetric matrix ⇒ Det=Pf2

Topological transition to an 
ultranodal SC state when 
Pf changes sign!             

Agterberg 
et al.

how big?



Conventional argument against interband pairs:

a) Creation of intraband pairs by 
interband pair scattering is ok:

b) Interband pairs force pairing 
of states away from Fermi level

† †
12 1 1 2 2( , ) . .k k k kV k k c c c c h c′ ′↑ − ↓ − ↓ ↑

′ + † †
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Interband pairs (b) kill Cooper logarithm, requires stronger pairing ⇒ not robust!
Any interband triplet term should be small!

Alternative: pair k,-k+Q, pay kinetic energy cost ⇒ pair density wave (postpone)
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Ansatz for intraband gap evolution in FeSe(1-x)Sx

Conventional  ultranodal Z2 transition 

Anisotropic components held fixed, 
isotropic ones decreasd with x
(scenario proposed by Tokyo-Kyoto
collaboration)

∆i(k) Nodes allow creation of BFS even for small ∆0,δ !



Sp. heat: theory

expt. (Hanaguri et al 2019)

STM: theory

experiment (Sato et al 2018) 

Comparison with experiment on FeSe(1-x)Sx
Setty et al NatComm 2020



Stability of ultranodal state

Tendency to negative Meissner effect, 
but:

a) Large stable topological region
b) Stability enhanced by intraband 

gap anisotropy 

Model with isotropic intra, interband gaps 
∆i,δ

Setty et al, Nat Comm 11, 523 (2020); PRB 102, 064504 (2020) 



Nagashima et al (Tokyo-Kyoto collabororation), NaturePortfolio online (unpublished) 
https://doi.org/10.21203/rs.3.rs-2224728/v1

Direct observation of Bogoliubov Fermi Surface in tetragonal FeSe,S?

• No BFS observed in nematic 
phase

• Clearly seen in x=0.22 sample
• Surprise: spontaneous C4 

symmetry breaking at low T!

Can we understand BFS, C4 symmetry breaking in microscopic model?



Most difficult microscopic ingredient: spontaneous nonunitary triplet pairing

Example: Example: A1 phase of superfluid 
3He.   Magnetization carried by 
Cooper pair fluid.  Requires 
external Zeeman field.

Spontaneous pair magnetization w/o external field or ferromagnetism 
probably not possible in single band system. 

3D Singlet pairing: see proposal by Karchev et al, PRL 86, 846 (2001),
shown to be metastable by Shen et al, PRB 67, 024514 (2003). 

3D Triplet pairing: nearly all treatments assume Tcurie>Tc (UGe2,URhGe, 
UCoGe) ---but no ferromagnetic order observed in FeSe,S.

*In 2D, even worse: no energy gain by shifting of DOS in Zeeman field

e.g.,



New microscopic model to generate ultranodal state

Yifu Cao

ferromagnetic

multiband KE

interband triplet pairs

anisotropic intraband singlet pairs

Cao et al, aXv:2305.15569



Model without singlet pairing – spontaneous pair magnetization

Multiband nature allows more phase space for nonunitary triplet (NU) pairing

↑

↑

↓

↓

m1=m2=interband paired states

λ1=λ2

λ1≠λ2

Strength of ferro interaction



Ultranodal state can be ground state with intraband singlet s, interband 
triplet px – breaks C4 symmetry (aXv:2305.15569)

stable

expt

metastable

In current model, occurs in 
small region near singlet-
triplet phase boundary.  
Expected to be enhanced by: 
SOC, nematic correlations.



Many open questions:
1. Q: Is topo transition exactly at 
nematic transition?

A: transition depends on evolving 
anisotropy of gaps, takes place near 
but not exactly at nematic 
critical point.

2. Q:  What about apparent drop in 
Tc and enhanced  fluctuation contribution
in tetragonal phase?

A: ? Working on theory of fluctuations 
in BFS

3. Origin of ferromagnetic correlations?

A: ? seen in some FeSC.  SOC?

Mizukami et al, 
arXiv:2105.00739



arXiv:2306.16689



Simplified 2-band  model to test T1
-1 upturns at low T

χ0 only

Upturn much weaker than experiment
Enhanced by correlations?



1-band PDW (FF) model – breaks C4 symmetry

Yifu Cao proposal
Possibility: local C4 symmetry breaking above Tc in tetragonal phase?
See: Walker et al., arXiv:2306.01686, also Hanaguri etal Sci. Adv. 4, eaar6419 (2018)
See also: Wu et al., arXiv:2306.11200 (requires toroidal magnetism)



Coupling of PDW to “toroidal magnetism –
Neel magnetic order

arXiv: 2306.11200

No uniform SC component, unlike Cao theory



Conclusions

• Combination TRSB interband triplet, anisotropic intraband singlet pairing 
can lead to “ultranodal” state, explain nonzero residual DOS in tetragonal 
FeSe1-xSx.   Bogoliubov Fermi surface is topological, robust against 
perturbations that preserve particle-hole & inversion symmetries

• Possible microscopic mechanism for nonunitary pairing proposed, gives 
spontaneous BFS at low T, C4 symmetry breaking as in new experiments.    

• Other BFS mechanisms under investigation (magnetic toroidal order, 
PDW, …)

• C. Setty, S. Bhattacharyya, Y. Cao, A. Kreisel and PJH, Phys. Rev. B 102, 064504 (2020).
• H. Wu,  A. Amin, Y. Yu, and D. F. Agterberg,  arXiv:2306.11200

See also: Chubukov proposal for C(T) without BFS



Walker arXiv:2306.01686
See also Hanaguri Science Advances 4, eaar6419 (2018)

small domains of small-q density wave ordering



Multiband superconductivity

H. Suhl, B. T. Matthias, and L. R. Walker
Phys. Rev. Lett. 3, 552   (1959)

† †~ ki kic c↑ − ↓∆ † †~ ki kic c↑ − ↓∆

† †~ , 1, 2i ki kic c i↑ − ↓∆ =both electrons in same 
band i at Fermi level


