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Iron-based superconductors

Recent reviews: Paglione & Greene Nat Phys 2010; Johnston Adv. Phys. 2010
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Magnetic order in most (not all)
parent compounds
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Nematic behavior

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

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

resistivity

Chu et al, Science (2010)
Tanatar et al, PRB (2010)

® 0
® O

® o

®
®
®




FeSe: nonmagnetic 8K superconductor, but:
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Phase diagram of bulk FeSe (pressure)

NB: no long range magnetic order at ambient P
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stripelike
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Signatures of electronic nematicity in FeSe
|. transport

magnetoelastic coefficent

Watson et al. PRB 2015




Signatures of electronic nematicity in FeSe
[I. STM in SC state

CL Song et al, Science 2011, PRL 2012
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gap nodes or deep minimal

a and b are only ~0.1% different! But strong C, symmetry breaking in SC state.




Signatures of electronic nematicity in FeSe
I1l1. ARPES: orbital ordering

Watson et al., PRB 91,
strong band renormalization 155106 (2015)
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Caveat: alternate interpretations!
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Signatures of electronic nematicity in FeSe
V. NMR

Nematic state promotes anisotropic spin fluctuations
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But note difference from pnictides

FeSe Spin fluctuations seem to wait until orthorhombic transition happens




Three different types of order which break x/y symmetry

e stripe spin order (neutrons)

* structural order a ,#a, (X-ray diffraction )

e orbital order - dxz and dyz orbitals occupied differently (ARPES)

which one is the driving force?

Courtesy of A.
Chubukov




Why Is FeSe nematic, not magnetic at ambient pressure?
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The theorists weigh in...

strong competition between low-lying staggered
colinear magnetic states

guantum fluctuations of spin-1 local moments
1) Paramagnet —q  with strongly frustrated exchange interactions

strong competition between magnetism and charge order
due to small Fermi surface

antiferro-quadrupolar order

2) Hidden magnetic order
ferro-quadrupolar order

3) Orbital order induced
by weak spin fluctuations




Pragmatic approach: tb band engineering

How to model fascinating low-energy phenomena
If DFT gives manifestly incorrect results?

e USe electronic structure that fits experimental
results from ARPES and quantum oscillations

H — HTB + HQ(_“)-.

Hig = Y 1u(K)cjo(K)c,(K).

orbital order:
k.uv.o

site-centered or

R o o bond-centered
Hoo = A1) [ee(k) = ny0(K)].
ko

o calculate NMR response
o calculate superconducting gap




Minimal 10 orbital Tight Binding Model:
Eschrig et. a/*bands + renormalization

-
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NMR: Knight Shift and Spin Lattice Relaxation Rate

L EIm[XRPA(q? )
T o hm Z | Arg(q) »

Ah_f(q] Ahf cos(g. ) cos(gy)

30 60 90 120
TiK)

80 100 120 140
T(K)




Tunneling conductance (nS)

Superconducting State

Linearized gap Equation
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Low-T spin resonance near m,0

Wang et al Nat. Mat.15, 15 (2016)
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Theory: spin excitations in RPA U=2.1eV J=0.25U

x"(d,)

(m,0) fluctuations
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in orb. ord. state




Energy and T-dependence of (w,0) fluctuations
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INS: detailed comparison S(q
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Low energy (r,0) fluctuations turning on at T,
consistent with NMR

Baek, et al. Nat. Mater. (2015)
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Disorder in multiband SC

Inter- and intraband impurity scattering in 2-band s, ,. system

[ — mixes + and —
gaps, breaks pairs
2
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e JA
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H. Kontani, M2S 2012

iImpurity effect in single crystal (Ba,K)Fe,As,

J.Lietal. PRB 85, 214509 (2012).
v Vegard's law: good crystal

—@— M=Mn |
—&— M=Ru
—¥— M=Co
—@—M=Ni 7
—d— M=Cu
—k— M=Zn

\ ! other experiments:
e 1111 systems: Sato et al, JPSJ('08)

L : - Ba122: Paglione et al, arXiv('12)
0.4 : irradiation: Nakajima et al, PRB ("10)
Apo(MmE cm)

Experiment: Theory:

T.vanishes when S*wave state local impurity

Pip - 200uQem disappears when on Fe-sites
[l ~3A] Pimp— 20~40uQcm

imp




Theory
(t-matrix)
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Electron irradiation at LSl (Irradiated Solids Lab)--Paris

Pelletron
Facility
At LSI

http://emir.in2p3.fr/LSI

7 | WL
Shibauchi Matsuda Rullier-Albenque Prozorov

also: K. van der Beek, M. Konczykowski Thanks: K. van der Beek




Low-E e irradiation produces pt.-like defects
(Frenkel pairs)

Advantages of e- irradiation

- In metals, no change of carrier density
- Homogeneous point defects can be introduced

- Defects can be added on the same sample

-’
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Y. Mizukami et al., Nat. Comm 2014




e- Irradiation expts in Fe-pnictides: “fast” T, suppression —
evidence for s, pairing

Ba(Fe0.74Ru0.26)2As2

T (ref) = 17.85K

guide to |
the eye

AY
S. Onari and H. Kontani  «

\
PRL 103, 177001 (2009) .33 uQ-cm
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Prozorov expt.

T. and penetration depth measurements on FeSe, + e irradiation

Part 1: observation of a small gap
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S.Teknowijoyo et al, arXiv:1605.04170  Compare Kasahara et al. 2014

Other recent reports of small gaps: Bourgeois-Hope 2016, Li et al 2016, Jiao et al 2016




Prozorov expt.

Part 2: enhancement of T. by disorder
S.Teknowijoyo et al, arXiv:1605.04170
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Explanations? T4, T.T

Pairbreaking effect must be minimal to allow
alternate, pair enhancing mechanism to win: s, .
state? /4 Mostly small-q scattering? 7]

Chemical pressure? m Irradiation expanads
lattice, + effect 10x too small

Impurities may favor one type of spin order, break
Glasbrenner et al — style degeneracy

Im
Im

oraer

purities can enhance pair interaction locally
purities can favor SC competing with nematic




Local pair strengthening near impurity |

What will happen in a correlated gas
when a nonmagnetic impurity is inserted?

Simplest approach: describe
background correlations with RPA

Idea (Nunner et al 2005): impurities can enhance pairing
interaction locally by nearly freezing rn,® spin fluctuations




RPA for general system:

Fourier transform:

Proximity to Stoner criterion

10 13 16 19 22

(:xm}'rimp}
Ramer et al 86, 054507(2012)

Strong coupling version of same phenomenon: Maska et al PRL 2007, Foyevstsova et al PRB 2010




Consequences — prediction for experiment:
percolating set of islands just below T,

Overdoped BSCCO
T.=65K
Gomes et al 2008




Local pair strengthening near impurity ||

E, orbitals create bound
state near Fermi energy,
Large DOS drives SC in

T,4 Orbitals through orbital-
band mixing
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V content [%]

Slide kindly provided by Maria Gastiasoro




Competition of nematic order & SC + disorder

Analogy with Fernandes et al, Phys. Rev. B 85, 140512
competition of magnetic and superconducting order

—_—
i

Idea: both intra- and interband scattering suppress SDW;
only interband scattering suppresses isotropic s,

temperature, T

no LR magnetic order in FeSe, only nematic
(g=0) order. Also: since SC is highly anisotropic, both
intra, interband should suppress T,

Toy model for interplay of SC, nematicity and disorder (Mishra and PJH 2016)

U U
H=Scen +=3ddnn. =>Yen +=506n BENEESEREIRSHRA0S
Zk: o 2%; ek Zk: o ZZk: MR \iean field theory of d-wave

0, = dkz<dk'nk'>; d, = Cos2¢ Pomeranchuk instability
-
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Competition of nematic order & SC + disorder

- I'"
Bare nematic nem = - a
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Competition of nematic order & SC

An(K) = Ao(L+1Y,(K))




Competition of nematic order & SC

r =U.
electron




Competition of nematic order & SC + disorder




Incipient bands in Fe/STO monolayers
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FeSe based system without additional hole-pocket at FL

» FeSe intercalates:

(Li, Fe_  )OHFeSe

08 Tl

X. H. Niu et al. PRB 02, 060504(R) (2015)

» T.'sof 35 —45K
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Can incipient bands contribute to SC?
LiIFeAs

Miao et al. Nat. Comm (2014).
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Role of incipient bands in FeSC

Chen, Maiti, Linscheid, PH PRB 92, 224514 (2015)

Case (A Case (I)B Case (II)A Case (lI)B
£ E

e Case I: SC caused by incipient bands
e Case Il SC caused by FS bands, induced In incipient bands

Conclusion: weak coupling multiband BCS theory with constant interactions can
account for large gaps on incipient bands /F SC is supported by pairing
interactions at the Fermi level.




Multiband BCS for Case

Aer, = =VpnAerLer, — Ve ALy,
Aeg = —VesApLy.
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SF interaction with incipient band
Can bootstrap weak phonon interaction!

11(B): FeSe/STO monolayers

-0.25

-0.2 -0.15

E,[Agy

-0.1

-0.05




*
m*im,

IS @ o

M

But: high T, only upon e-doping:
Incipient hole band moves further away

K-dosed FeSe

® Band sepration at 31 K
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Also: Song et al PRL 2016
Miyata et al Nat. Comm 2016




Dynamical spin fluctuation interaction of FS bands with incipient band

A. Linscheid et al arXiv:1603.03739

» With local, constant interaction U

U [xg(q,ivn) + x5°(q. ivn)]
1 — "-)’[)(Bl_l(‘lI ib"n) T XEE(Q: iyﬂ)]

IV/sf(Q: ib’n) —

where

f(sh) — f(=5
Xge(q:iy”) _ /dk ( k’) e ( k—|‘qh)
iVn — (Ek1q — Sk)

= Xgh(q~ _iyﬂ)

N. F. Berk and J. R. Schrieffer, PRL 17, 433 (1966)

N. E. Bickers et al. PRL 62, 961 (1989)

S. Graser et al. New J. Phys. 11, 025016 (2009)

F. Essenberger, A. Sanna, AL et al. PRB 90, 214504 (2014)



E,, dependence of the pairing interaction
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» Couplings at E, ~ Ej < 0

Ae=0, ~ \JIEx-E;
}\sf = sf(QTO) ~ l/lEh o E;‘H
» Allen-Dynes estimate for strong coupling SC:

T(Ep— Ep) ~ N/ Ay = const

AL, 5. Maiti, Y. Wang, S. Johnston, P. J. Hirschfeld, arXiv:1603.03739




Solve incipient Eliashberg equations

Lifschitz transition, magnetic transition nearly coincide!

_E‘I—:"hm}.-"rklsi- E— .
24,(0) kT,
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E, |II1(}V| E, [meV]

» Large T, due to incipient st pairing

» Non-monotonic T¢(Ep): Optimal trade-off between A and A




Conclusions

FeSe Is different, complicated (cool)
“Band engineering” phenomenology
Prozorov expt: irradiation: T, T.T
Discussed some ideas:

- Impurities break ground state degeneracy
- Impurities enhance pair interaction locally
* Spin fluctuation freezing
* E, orbital bound state
- Impurities influence nematic/SC competition
Incipient bands may be important for monolayers




