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Outline

* Unconventional superconductivity

- some “big questions”
 Example of Fe-based SC: FeSe (bulk)
- Why Interesting?
- Nematic order
- Superconducting gap structure
- Orbital selectivity

* Other materials: FeSe (monolayer), LIFeAs



Unconventional superconductivity

2d active layers, antiferromagnetic

Phase diagram: close proximity of
spin orders (undoped compounds)

antiferromagnetism and superconductivity
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Fe based superconductors

» 2d layered materials: active states Fe(d)

L.l 111 122 Il common layer:
FeSe LiFeAs K,Fe,.,Se, SmFeAsO, states at the
Fermi level
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Fe based superconductors
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Band structure
Magnetism
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Band structure / Magnetism

* Fe(d) orbitals: quasi 2D electronic structure:

5 orbital model
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Nematicity
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* Magnetic ordering

e Nematic state
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Superconductivity: gap structure

« Fermi surface O Q -
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* Possible order parameters (tetragonalxnstate)
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FeSe: Why Interesting?
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FeSe: Why Interesting?

* nematic phase
Nno magnetism

(p=0)

K. Kothapalli, et al.,
Nat. Commun. 7, 12728 (2016)

« ARPES

measured band structure

tiny Fermi surface
(far from ab initio results)
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FeSe

* Origin of nematic order
— Orbital order

Baek et al., Nat. Mat. 14, 210 (2015)
Yamakawa, Onari, Kontani, Phys. Rev. X 6, 021032 (2016)

- Quantum paramagnet

Wang, Kivelson, Lee, Nat. Phys. 11, 959 (2015)

- Spin ferroquadrupolar / antiferroquadrupolar order

Wang, Hu, Nevidomskyy PRL 116, 247203 (2016)
Lai, et al., arXiv:1603.03027

- Longer-range Coulomb interactions

Jiang, et al., PRB 93, 115138 (2016)  Scherer, et al., Phys. Rev. B 95, 094504 (2017)

- Competition between magnetism and charge current
order

Chubukov, Fernandes, Schmalian, PRB 91, 201105(R) (2015)



FeSe
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Nematic order

140 ;77Sliae|§liAR . ‘_J\,_.*__J\\_ 036
* NMR on FeSe BN ST

I~ i T H|la(average)

splitting of the Se line 5&% e K

* No enhanced spin SRS | TRl

(%)

n O.29—§ .
fluctuations below T, . ——2= @ o . =
%M L
N T
08 73.24 73.26 73.28 73.30
n 0.8 T;
o.si% j e i% $
= ~ 04 @
ALY S0 =L ? 3 A — not caused by
©ooal ool P lattice distortion
o~ fE o 0 20 30 @ @ “©  © .
S e 1w L e | g e | — evidence for
02 § ". O . . 3rn:m - & ¢ / © | © orbital order (ferro)
. D AIESING, .

I
5

T

Baek et al., Nat. Mat. 14, 210 (2015)



5(Q, ) (a.u.)

Spin excitations and magnetism

Competition between stripe and Néel

-
fluctuations | [P d e-ssismev
- Néel ‘4| 15T stripe
I& e 4K +, = 4K ;
Q=(1,0,0) - il 4
0 @isk = o) % o 110 K & 10k o110 K ‘E
@ 1K 3 LU 1 el i F ] =
@ 10K me Spl n ‘-:52 _4):0‘ g
) _ 4 3 -
5 ” = A Bk =
resonance < F AN
- . s Wiy 2
at (pi,0) olenilflET | ST
§ 0 10 20 3 40 5 0 10 20 30 40 50 0 50 100 150
Energy (meV) Energy (meV) Temperature (K)
i Wang et al., -
Nat. Mat., 15, c
159 (2016) i_gﬁg\ —
ol - 4 © 110K
2 4 6 8 5\
Energy (meV) (14: -+\_\
o O % *‘#
3 2 - \
3 3 Q’ 3
g et : N
= o = & \
= 3 )
. =] ~ 20F *! N
80 12010.2 3 i
Temperature (K) g_ $ i\‘
dl TC 5 ;& i‘
— * s
01 3 # R
< & )
p ©d=@-by/a+bh) ol . %‘+
¢ Qo 10.0 0 50 100 150 200
OH Q=(,0,0)E=2.5meV Energy (meV)
" 1 L 1 n 1 n L
0 20 40 60 80 100 120

Temperature (K) Wang et al., Nat. Commun. 7, 12182 (2016)



Superconducting gap structure

e consequences: nodal gapstructure, anisotropy
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Modelling

G(k,w) = !
« Band structure: o) = B Tt
measured spectral function AR ) = — Y w)
A T
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Suzuki, et al., PRB 92, 205117 (2015)

. . Maletz, et al., PRB 89, 220506(R) (2014)

® Q uantum OScCl | Iat|0ns Fedorov, et al., Sci. Rep. 6, 36834 (2016)

» Scanning tunnelling microscopy



Scanning tunnelling microscopy
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Quasiparticle Interference (QPI)

« STM on normal metal (Cu)
— Impurities
- Friedel oscillations

L. Petersen, et al.
PRB 57, R6858(R)
(1998)
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« Fourier transform of conductance map

- mapping of constant
energy contour
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QPI In superconductors

 Fourier transform of differential conductance
maps
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BdG+W experiment

_ octet model: 7 scattering
Trace back Fermi surface+measure vectors between regions

superconducting gap function of high DOS
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FeSe BQP!
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FeSe measurement
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Band structure modelling

» Tight binding model Ho + Hpo + Hsoc

//

site+bond
Hy = Z t.” centered Hsoc = AL - S
rr’ab orbital order needed for consistent

splitting at Gamma
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Superconducting gap

 highly anisotropic
order parameter, 2 band

« “antiphase” oscillation
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Phase sensitive measurement

HAEM procedure 05 | |
CO”Slder |§ 0 j o, f“‘_—
< 05 | -
s,.: sign change in signal o )
w/T,

S,.. ho sign change In signal

Hirschfeld et al., PRB 92, 184513 (2015)



More realistic: 2 band model
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Results: possible ways to recover

signal

» Calculate antisymmetrized density
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Measurement+modelling

e Problem: shift theorem in FT - * Theory:
single impurity (centered) use measured gap

p_(G,w) = Re{g(d,+w)} — Re{g(d,—w)} +electronic structure
N > G (@) = G2y, (@) + G2 ()T (w)GP (w)

T(w) — [1 — VimpGO(w)]_lvimp

SN(q,w) = =Tr{Im Ty GR(w)T(0)GRy q(w)

« separate interband N p(w) =2qa6N(q, w)
scattering contributions ' .

— no sign change in
signal, thus GAP
changes sign
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Pairing from spin-fluctuation theory?

(a)
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What Is missing?

* |Interactions (standard)
e Electronic structure (measured)

e Pairing mechanism?
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Fermi liquid description

: — 1
» Coherent electronic states Glk,w) = —— B 40t
AR, w) = — 2 TmG(F, w)

7

e Dressed electronic states
1
w— Bp — %(k,w) +i0+

Gk, w) =

Relevant for Fe based SC:

Yin, Haule, Kotliar, Nat. Mat. 10, 932-935 (2011)

de’ Medici, Giovannetti, Capone. Phys. Rev. Lett. 112,
177001 (2014)

M. Aichhorn, et al., Phys. Rev. B 82, 064504 (2010)
Liu et al., Phys. Rev. B 92, 235138 (2015)

Yi et al.,, Nat. Comm. 6, 7777 (2015)




Orbital selective physics

States in some orbitals more decoherent than
others

Strong renormalizations of the d,, orbital

Yi et al., Nat. Comm. 6, 7777 (2015)

Spectroscopic probes struggle
to detect d,, orbital states

FeSe: quasiparticle weights for d,, and d,,
orbital distinct in nematic phase

Gab(kr w) = ZLaplg b(k (U)

[r7 _ geometric mean of
Ca 7 Za Ca Zab — \/Za\/Zb quasiparticle weights




Spin-fluctuation theory

“dressed susceptibility”
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Pairing and gap structure

uncorrelated correlated
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Fermi liquid theory

* Predictions for other experiments: electronic
d|mer CIOSG tO |mpur|ty {VZ;} = [0.2715,0.9717,0.4048, 0.9236, 0.5916]

—50meV —30meV —15meV +15meV +30meV +50meV

(2)
Experiment ‘ ’

Kasahara et al.,
Proc. Natl.
Acad. Sci. USA
46, 16309
(2014)




Other systems: FeSe monolayer
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« Same model, but: 2D, no orbital order, rigid shift

(b)15¢ (¢)15 ———  spin fluctuation, dressed
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LIFeAs

e Large gap on the a pocket

Compare: Y. Wang et al. Phys. Rev. B 88, dressed Green function
174516 (2013)

a pocket
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e
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(VZ} = [0.5493,0.969, 0.5952, 0.5952, 0.9267]
(dpy, doo—y2, Aoy oy, dgo_p2)

“antiphase variation” of gap does not

come out spot on
Borisenko et al. Symmetry 4, 251 (2012)



Conclusions

* Many Iinteresting and open guestions remain in
the field of high-T_ superconductivity

* FeSe Is extremely interesting due to nematicity
and orbital selective pairing due to strong
correlations

* A modified spin-fluctuation approach allows for
guantitative description of gap functions and
other observables

Gap(k, w) = Zachgb (k, w)

« HAEM procedure as alternative method to
deduce the relative phase of the order parameter
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Spin fluctuations at higher energies
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Inelastic neutron scattering
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