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Fe'ba Sed SC Bal22 elastoresistivity

Electronic nematic state

orthorhombic state displays
strong anisotropies that
. cannot be attributed to the
.« lattice distortion only

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




Abrupt change of the superconducting gap structure
at the nematic critical point in FeSeq1_,S«

Yuki Sato®, Shigeru Kasahara®', Tomoya Taniguchi®, Xiangzhuo Xing®, Yuichi Kasahara®, Yoshifumi Tokiwa",
Youichi Yamakawa®, Hiroshi Kontani®, Takasada Shibauchi®, and Yuji Matsuda®’

PNAS 115, 1227 (2018)
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Two distinct superconducting pairing states divided by
the nematic end point in FeSe,_,S,

Tetsuo Han:-lguri,i*- Katsuya Iwaya,1 Yuhki Kohsaka,' Tadashi Machida,’ Tatsuya Wahshige,”
Shigeru Kasahara,” Takasada Shibauchi,” Yuji Matsuda®

Science Advances 4, eaar6419 (2018):

SC state with nonzero zero-bias DOS!
NOT due to disorder in nodal SC state

Q. Osc.: Coldea et al npj-Quant. Mat. 2019
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Conclusion from experiments: gap is (even) more anisotropic outside nematic phase!



BCS-BEC crossover in FeSe,S?

Large thermo fluctuations for x>0.17:
Mizukami et al, arXiv:2105.00739 But: no pseudogap

Hanaguri et al, PRL 122,
077001 (2019)
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But: correlations tend
to decrease with x

Coldea et al, npj Quantum
Mater., 4, 2 (2019)
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Gap nodal surfaces in unconventional superconductors:

d-wave (d,..., By,) f-wave (E,,)
Ak:AO(kxz_kyz) dk:eZAOkz(kx+iky)2




Another possibility?

Bogoliubov Fermi Surfaces in Superconductors with Broken Time-Reversal Symmetry

D.FE Agttrlx‘rg."? P. M. R. BI‘}-":‘_‘liﬁ'.!I‘l..l: and C. Timm™

1 . 5 o ; R ; ) . e e
_Department of Physics, University of Wisconsin, Milwaukee, Wisconsin 53201, USA

~ “Department of Physics, University of Otago, P.O. Box 56, Dunedin 9054, New Zealand

“Institute of Theoretical Physics, Technische Universitdt Dresden, 01062 Dresden, Germany

PRL 118, 127001 (2017)
A.r .

BFS creation associated
with topological transition

Ingredients:

« even-parity superconducting state

- spontaneous time reversal symmetry breaking (TRSB) (e.g. k,(k,+ik,))
« effective j=3/2 fermions



Other examples of Bogoliubov Fermi surfaces

d-wave SC in Zeeman field d-wave SC with loop current order

0.5 [ ins
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4

Wang-Vafek PRB 2013 Berg et al PRL 2008

H(k) = AK)(iny, ® ioy) + e(K)(, ® gp) + h(n, ® 0,)

o; and m; = Pauli matrices in spin/particle-hole space h—h(k)
Pf(k) = e(k)? + A(K)? — h?
Min{Pf(k)} = A(K)2 — h?

changes sign near nodes



Topological Ultranodal pair states in iron-based superconductors

Chandan Sr’.t’rvlﬂ *| Shinibali Bhattacharyya!, Yifu Cao, Andreas Kreisel?, and P. J. Hirschfeld!

'Department o g Inivers 0 Gé orida, US:
Tnstitut fiir Theoretis (11 Ph\ sik TT ersiti 1t L: ipzig D- {I—lll} L( ipzig, Germany

—_—

Nat Comm 11, 523 (2020) O spinspace

PRB 102, 064504 (2020) 7 bandspace

Hy(k)=A;(k)7y ®ioy +Ajir, ® oy +dir, ®o,
Intraband Interband Interband

spin singlet spin triplet spin triplet
\ TRSB |

|

Jolo
thjfberg H is CP-symmetric matrix = Det=Pf?

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

t Aj(k)As(k) >

Min[Pf] = g T =0, K)22(K,
WP =1 AL (120 (10120 () - 52) i A (1) Ag (k) <




Conventional argument against /nterband pairs:

a) Creation of /ntraband pairs by b) Interband pairs force pairing
interband pair scattering is ok: of states away from Fermi level

AYSI T ' ™ LT T
I/12 (kak )C leC —kli«c—k'N«Ck'ZT ‘|‘h.C’. 1/12 (k,k )C leC —k2l«c—k'2i«ck'1T + h.C.

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)



Ansatz for intraband gap evolution in FeSe,,,S,

Conventional > uftranodal Z, transition

- Ortho.

(Nematic)

SC1

0.1 0.2 0.3
Sulfur content x

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

A(k) Nodes allow creation of BFS even for small A,,5 !




Comparison with experiment on FeSe,.,,S,  gTM™m: theory
Setty et al NatComm 2020 :

Sp heat: theory
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Stability of ultranodal state

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

Tendency to negative Meissner effect, ZIOSdeI with /sotropicintra, interband gaps
but: i

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

superfluid density | () | Normal-state FS
(TF-uSR) i z (quantum oscillations)

g £4 e L

(Nematic)

»
| o 4%
K. Matsuura et al. 2f  Orthorhombic | T[:Idgw. A.l. Coldea et al.,

ol (gay DEC npj Quantm Mater. (2019)

0.00 0.0% 0.10 0.15 0.20
S composition x




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

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

* No BFS observed in nematic
phase

» Clearly seen in x=0.22 sample

« Surprise: spontaneous C4
symmetry breaking at low T!

Nematic BFSs
FeSe,,S, (x = 0.22) (2D nodes with two-fold symmetry)

c

Gap size (meV)

180
FS angle ¢ (deg.)

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



Most difficult microscopic ingredient: spontaneous nonunitary triplet pairing

5 AVOR | 0O 0
A= or
€.g. 0O O 0 .
Example: A, phase of superfluid
3He. Magnetization carried by

Cooper pair fluid. Reqguires
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 T_,;,.>T. (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



New microscopic model to generate ultranodal state
Cao et al, aXv:2305.15569

Yifu Cao

H:HU+H7n+HT+HS

= Z ﬁz‘kczkgcz‘ko multiband KE

Aij(kak,)aza;Czkac;r'kfgfcjk’a’cika ferromagnetic

-V Z cos(fx — O )cly e\ 2 woCiko interband triplet pairs
k.k/',o

(was(ﬁk)ws(t?kf) + Widwd(gk)wd(ek’))CIkTCI_kJ,Ci—k’¢Cik’T
anisotropic intraband singlet pairs




Model without singlet pairing — spontaneous pair magnetization
m;=m,

Normal

400
V(meV)

Normal

hko = (€1ko — €2k0)/2 = (€1x — €2k — T (A1 — A2) i) /2

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




Ultranodal state can be ground state with intraband singlet s, interband
triplet p, — breaks C, symmetry (aXv:2305.15569)

expt

C2 ultranodal

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

stable metastable



Many open questions:

Mizukami et al,
1. Q: Is topo transition exactly at arXiv:2105.00739
nematic transition?

FeSe1..5«
& 5. Hosoi et al. (2016).
B This work

A: transition depends on evolving

anisotropy of gaps, takes place near o (ool
but not exactly at nematic a0

critical point. e

2. Q: What about apparent drop in oot SO
Tc and enhanced fluctuation contribution Sulfur content x

in tetragonal phase?

A: ? Working on theory of fluctuations
in BFS

i —
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=
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E
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T
2

3. Origin of ferromagnetic correlations?

A: ? seen in some FeSC. SOC?




Spin fluctuations from Bogoliubov Fermi surfaces in the superconducting state of
S-substituted FeSe

Zhongyu Yu'*, Koya Nakamura'*, Kazuya Inomata', Xiaoling Shen®?, Taketora Mikuri®, Kohei Matsuura*! Yuta
Mizukami**, Shigeru Kasahara®$, Yuji Matsuda,” Takasada Shibauchi,* Yoshiya Uwatoko.? and Naoki Fujiwara'
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Simplified 2-band model to test T, upturns at low T

kZ +k;

parabolic bands: €; =
Qmi

— M

interband non-unitary triplet: A, =0

intraband nodal s-wave: A;(k) = A;|cos 26|

—— nodal s-wave

& Only

.24 Upturn much weaker than experiment
Enhanced by correlations?

02 04 06 08
T/T,




1-band PDW (FF) model — breaks C, symmetry

= (Bo®)efyel i, + Agcliel g + hoc)
k

nodal s-wave: Ag(k) = Ag| cos 26y]

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)

— d-wave
—— nodal s-wave

—— d-wave
—— nodal s-wave

—~_ ==




Nematic Bogoliubov Fermi surfaces from magnetic toroidal order in FeSe,_.S,

Hao Wu,'* Adil Amin,"** Yue Yu,! and Daniel F. Agterberg?

arXiv: 2306.11200

Coupling of PDW to “toroidal magnetism —
| =-. Neel magnetic order

For the spontaneous PDW state formation, the BFSs ap-
pear with PDW order at the superconducting 7, indepen-

dently of any AFM order. Like magnetic toroidal order,
both the AFM order and PDW order are P-breaking, 7 -
breaking, and P7T -preserving. -

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
FeSe,.S,. 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, C, 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



Electronic Stripe Patterns

Near the Fermi Level of Tetragonal Fe(Se,S)

M. Walker, 23 K. Scott,? 2 T.J. Boyle,»23 J. K. Byland,! S.Bétzel,* Z.Zhao,!
R.P.Day,>6 S.Zhdanovich,”¢ S. Gorovikov,” T. M. Pedersen,” P. Klavins,!

A.Damascelli,” % I. M. Eremin,* A. Gozar,?? V. Taufour,! and E. H. da Silva Neto!-2:3:8.*

small domains of small-q density wave ordering

Norm. Intensity

Energy (meV)

»

[
4,5—4:, .“’:

L
.- .‘" (v

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



Multiband superconductivity

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

both electrons in same
band i at Fermi level

The interaction matrix is —

[)\11 /\1;‘1 B {ml x V11 mo x lu]

A2l Aoo my x Vo1 mao * Voo

The self consistent equation

AI:zJ A’IJAJF(AJ’T) ,Where i,j=1,2

dé | ———=\tanh\ —————
( 52 N Af) 2T



