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“The theoretical oriented scientist cannot be envied, because
nature, 1.e. the experiment, 1s a relentless and not very
friendly judge of his work. In the best case scenario 1t only
says “maybe” to a theory, but never “yes” and 1in most cases
“no”. If an experiment agrees with theory it means “perhaps’
for the latter. If 1t does not agree 1t means “no”. Almost any
theory will experience a “no” at one point in time - most
theories very soon after they have been developed.”

9

Albert Einstein,
Theoretical Remark on the Superconductivity of Metals



Iron-based superconductors

Recent reviews: Paglione & Greene Nat Phys 2010; Johnston Adv. Phys. 2010

BaFe,As, LiFeAs
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Kamihara et al arXiv: PRL (2008)
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*Ren et al  Ni et al Phys. Rev. B 2008
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Electronic structure calculations

LaFePO Lebegue 2007 (T.=6K) LaFAsO Cao et al2008 (T.=26K)
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Band structures for 2 materials nearly identical!
Hole pocket near I, electron pocket near M




Multiorbital physics

DOS near Fermi due almost entirely to 5 Fe d-states

Complications: calculations will be harder

Novelty: surprising new aspects of multiorbital/ Fe 3d

multiband physics
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_ _ Bal22 resistivity
Nematic behavior

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

0 100 200 300
Chu et al, Science (2010)
Tanatar et al, PRB (2010)

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



Superconductivity: e-ph interaction is too weak

Phonon spectrum, density of states

Singh & Du PRL 2008

We have calculated ab initio the electron-phonon spectral
function, a®F'(w), and coupling, A, for the stoichiometric
compound [9]. Some moderate coupling exists, 1111':::5’[.1}-'

to As llluflf s. but the total A appears to be ~ 0.2. with
Wiog ~ 250 K, which can in no way explain 7, 2 26 K.

Mazin et al, PRL 2008, see also Mu et al CPL (2008),
Boeri et al. PRL 2008



2 paradigms for superconductivity
according to how pairs choose to avoid Coulomb interaction




Spin fluctuation theories of pairing

Effective singlet interaction from spin
fluctuations

[ 3 Eﬂ){ﬂ(qy w)
Val@w) =3 1= Uxo(g, w)

Generate attractive interaction from (0.0) = [ Fp  flepre) — Flep)
repulsion at large g on a lattice — oA (27)3 w — (Epyq — €p) + 16
e.g., d-wave in cuprates

Screened Coulomb
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s, pairing in Fe-pnictides Mazin et al PRL 2008
electron-hole pocket pair scattering dominates

\/

x(q)

Orbital physics?

also:

Graser et al 2009

Anisotropy Zhang et al 2009
Sknepnek et al 2009

- nesting peaks interaction V(q) at (r,0) in 1-Fe zone
- interaction is ~ constant over small pockets
- therefore sign-changing s, ,. state solves gap eqgn



Fe-pnictides: evolution of gap with doping from spin fluct. thy

PH, Korshunov and Mazin Rep. Prog. Phys. 2011
PH, Comptes Rendus Physique 2016
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SC state: experimental “lack of universality”
e.g., penetration depth experiments

Hicks et al 2008 Prozorov, 2011 Hashimoto et al 2009
LaFePO T.=6K Co-doped Bal122 T.=25K K-doped Bal22 T.=40K
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SC gap symmetry and structure




f@ What's different between Fe-pnictides
and Fe-chalcogenides?

e Stronger electronic
correlations Basov, Kotliar...
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e Stronger spin-orbit
coupling Borisenko Nat Phys 2015
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e “Intrinsic” electron doping,

at least in some systems
(not FeSe bulk)



FeSe: low-Tc building block for high-Tc Fe-based SC

Orthao.
(Nematic)
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Possible topological ultranodal state in FeSe,S



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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Thermal conductivity
Sato et al, PNAS 115, 1227 (2018)

(toH)"2 (T72) (uoH)'2 (T2 (oH)V2 (T172)
0 0

0 0 0
0 2 46 81012 0 2 46 8 1012 0 2 46 81012
LoH (T) toH (T) HoH (T)




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 more anisotropic outside nematic phase!



What is happening in SC at high S contents?

Ultra-high energy resolution spectroscopy below 90 mK
cf. T. Machida, Y. Kohsaka and T. Hanaguri, RST 89, 093707 (2018).

x = 0.17 jusg

Tetra. Fe(Se,S) is clean...
- large RRR

- quantum oscillations observed

- vortex bound state

N\
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Large residual DOS at E- may be intrinsic
Thanks to Tetsuo Hanaguri, RIKEN!



Gap nodal surfaces in unconventional superconductors

f-wave (E,,)
d,=e,AgK, (K, +iK )




Another possibility?

Bogoliubov Fermi Surfaces in Superconductors with Broken Time-Reversal Symmetry

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

1 i ] T » i Fr » . 7 » = 200 T
_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)

Ingredients:

« even-parity nodal superconducting state

« spontaneous time reversal symmetry breaking (TRSB)
« effective j=3/2 fermions



Other examples of Bogoliubov Fermi surfaces

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

B 2-10 1 2 3 sy

“Wang-Vafek PRB 2013
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Berg et al PRL 208
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Superconductivity
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UTe, UCoGe URhGe UGe

--—— Spin Fluctuations
Ordered Moment =——

Ran et al arXiv 1811.1180; Metz et al 1908.01069
Evidence for possible nonunitary triplet pairing in centrosymmetric system

2




Examples of BFS

n and o are Pauli matrices in Nambu, spin respectively
C,P preserved independently PFK) — e(K)2+ A(K)2— h2

Min{Pf(k)} = A(k)?> —h* = =£,Z, inv

2. Loop currents coexisting with d-wave order

H(k) = A(k) (im, @ io,) + e(k) (7. @ 00) + J(K) (7. @ 7.)

J(k) = J(sink, =sink, +sin(k, —k,)) SNEEIS C,P but preserves CP
Min{Pf(k)} = A(k)* —J(k)*




Topological Ultranodal pair states in iron-based superconductors

Chandan Sw."ttvlﬂ *| Shinibali Bhattacharyya!, Yifu Cao, Andreas Kreisel?, and P. J. Hirschfeld!

'Department ] sity of Florida, C o orida, USA
Tnstitut fiir Theoretis (11 Ph\ sik Ulll\i rsitat Leipzig D- {I—lll} L(.i1:>zig, Germany

arXiv: 1903.00481, — .
Nat Comm 2020 O spinspace

r band space

Hy(k)=A;(k)7y ®ioy +Ajir, ® oy +dir, @0,
Intraband Interband Interband

spin singlet spin triplet spin triplet
\ TRSB |

|

Jole
thffflrberg H is CP-symmetric matrix = Det=Pf?

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

AZ) if Aq(k)As(k) >
A Uilwwniguql—ﬂgﬁﬁslﬂkhiﬂk}f

Min|[Pf] = I




Ansatz for intraband gap evolution in FeSe; S,

Conventional > wftranodal Z, transition
As=Ajk)=A(k)+A
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Anisotropic components held fixed,
isotropic ones decreasd with x
(scenario proposed by Tokyo-Kyoto
collaboration)




Comparison with experiment on FeSe;.,,S,  gTM™m: theory
Setty et al arXiv: 1903.00481 :

Sp heat: theory

)
152

ha
(=]
I

—_
n

—
=]

C, ! T (mJimol K°)

o

(o]

sample bias (mV




Is there a “smoking gun” for the ultranodal state?

Consequences of time reversal symmetry breaking by “internal magnetic field”

+T+M+ !

Bint Bext

Nonunitary superconducting state A=A ||



Non-unitary pairing

Spin-up superfluid
coexisting with spin- A B A’I‘T' 0 0 0
down Fermi liquid. - 0 0 Or 0 Au

C.f.

<«—— The Al phase of
liquid 3He.

* Do we know examples where this
happens spontaneously in zero field?

« Do we understand physics that could
cause this?

NO



Out of plane field

Quadratic Linear

Pf (8, As, Ao, hy€1,€2) = P2 (8, A, Ao, h?, €1, €2) — hdAg(e1 + €2)

Small fields

Pf(0, Ay, Ag. h, €1, 62) = Py (0, Ay, Ag, €1, €2) — hdAgler + €3)
Near criticality

Min[Pfy] (6, Ay, Ag, k) =2 0 Determines Minimum

Pfaffian minimum determined by the relative sign of h and é

In-plane field: only h? term = only shift of transition




Bogoliubov Fermi surfaces shrink/grow with out-of-plane field

Prediction (after subtraction of Volovik term):
C(T—0)/T depends on direction of field




Stability of ultranodal state

Model with /sotropic intra, interband gaps

_ K (q—0,0=0,6=A,)
Jilq,w) = ———K;j(q,w)A(q.w) ———

i

R? _ I{ P + I{ dl‘a_.‘_

— A =1meV, A; =2meV, u=50meV

©
Q
N
©
&
=
(@)
c
)
Q

Tendency to negative Meissner effect,
as in odd-frequency pairing, but:

a) Large stable topological region —
b) Stability enhanced by intraband 5= A, (meV)
gap anisotropy




Conclusions

Novel even parity triplet interband pair states may be realized
in presence of spin orbit coupling

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

Microscopic mechanism for nonunitary pairing missing.
Needed: theory treating spin-fluctuation pair states &

exotic (interband) states on equal footing!

Einstein: “perhaps”



	 Ultranodal pair states in iron-based superconductors�
	Slide Number 2
	Slide Number 3
	Iron-based superconductors
	Electronic structure calculations
	Slide Number 6
	Nematic behavior
	Superconductivity: e-ph interaction is too weak
	2 paradigms for superconductivity�according to how pairs choose to avoid Coulomb interaction
	Slide Number 10
	Slide Number 11
	Slide Number 12
	 SC state: experimental “lack of universality”�e.g., penetration depth experiments
	SC gap symmetry and structure
	What’s different between Fe-pnictides and Fe-chalcogenides?
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Conclusions
	FeSC based on FeSe with electron pockets only�violates s+/- paradigm!
	Strongly e-doped FeSC: possible gap symmetries?
	Slide Number 37
	Slide Number 38
	Inelastic neutron scattering:�Recent results for detwinned samples
	Slide Number 40
	Prehistory: Kohn-Luttinger 1965
	Prehistory: Kohn-Luttinger 1965
	Prehistory: Kohn-Luttinger 1965
	Brillouin zone of Fe-based materials
	“Doping” the parent compound
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Consequences for pairing of reduced coherence of electronic states in certain orbitals (bulk FeSe)
	Probe of spin fluctuations:�inelastic neutron scattering experiments�I.  Twinned crystals
	Inelastic neutron scattering II: Detwinned crystals
	Slide Number 55
	SC gap symmetry and structure
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Iron-based superconductors
	Electronic structure calculations
	Slide Number 63
	Slide Number 64
	Consequences for pairing of reduced coherence of electronic states in certain orbitals (bulk FeSe)
	Probe of spin fluctuations:�inelastic neutron scattering experiments
	Inelastic neutron scattering: Detwinned crystals
	Inelastic neutron scattering:�Recent results for detwinned samples
	Outline
	Slide Number 70
	Slide Number 71
	Slide Number 72
	Band structure fit to ARPES, QO
	SC state: “conventional” spin fluctuation pairing theory
	Slide Number 75
	Slide Number 76
	Slide Number 77
	Slide Number 78
	 Incipient bands in Fe/STO monolayers
	Can incipient bands contribute to SC?  LiFeAs
	Role of incipient bands in FeSC
	Multiband BCS for Case II(B): FeSe/STO monolayers
	But: high Tc only upon e-doping:�incipient hole band moves further away
	Slide Number 84
	Slide Number 85
	Slide Number 86
	Slide Number 87
	Similar result: bilayer hubbard model
	Slide Number 89
	Slide Number 90
	Slide Number 91
	Slide Number 92
	Slide Number 93
	    Impurity experiments claimed to support s++:� nonmagnetic impurities do not lead to bound states
	1 nonmag. impurity in s+/- SC with incipient hole band
	Results: bound state energy of 1 impurity vs. Eh
	Slide Number 97
	Slide Number 98
	Slide Number 99
	Minimal 10 orbital Tight Binding Model:�Eschrig et. al* bands + renormalization
	NMR: Knight Shift and Spin Lattice Relaxation Rate
	Slide Number 102
	Nematic state promotes anisotropic spin fluctuations
	But note difference from pnictides



