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Cuprates: Impurity states → d-wave symmetry.

+9meV -9meV

The disorder probe: local effects



Pnictides: What can similar experiments reveal 
about the properties of the ground state?

+9meV -9meV

The disorder probe: local effects

Cuprates: Impurity states → d-wave symmetry.



C2 structures in FeSe (0.4% diff. a vs b)



In SDW phase -> nematogens (see later in talk)



T. Hanaguri (preprint)

For many more details see e.g. J. Hoffman, Rep. Prog. Phys. 2011 



T. Hanaguri (preprint)

Single-impurity complexity



T. Hanaguri (preprint)

What do these data tell us of the underlying ground state?



Theoretical status on bound states in s±

Bound states exist for s± but controversy about their position/weight 
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Theoretical status on bound states in s±



Bound states exist for s± but controversy about their position/weight 

Realistic modeling necessary 

Theoretical status on bound states in s±
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T. Hanaguri et al
PRB 2012
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First study (uncorrelated) superconducting 
state
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Theoretical study of impurity states in the superconducting phase 



M. Gastiasoro et al, 
preprint 2013

Theoretical study of impurity states in the superconducting phase 



Five band model: nonmagnetic impurity Vimp dependence

Consistent with Kariyado 
& Ogata, JPSJ 2010



T. Hanaguri (preprint)



Recent STM data from magnetic Mn impurities



Five band model: magnetic impurity



T. Hanaguri (preprint)

If spin-resolved STM finds that one of these 3 
are nonmagnetic -> strong evidence for s±



Five band model

What happens when we include correlations?



Single (cuprate) band; impurity-induced order

BMA et al, PRL 2007

J. Harter et al, PRB 2007

Proposed as spin-glass phase of e.g. LSCO 



Single (cuprate) band; impurity-induced order

J. Harter et al, PRB 2007

Origin of disorder-induced magnetism: 
local Stoner instability

A. T. Rømer et al, 
preprint



Five band model: impurity-induced order in FeSC

Disorder-induced 
orbital order

Disorder-induced 
magnetic order
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= +

Disorder-induced magnetic order due to local Stoner in xz & yz.
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Five band model: impurity-induced order in FeSC



Implications of induced order: spin glass phase

Disorder-induced 
magnetic order
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Disorder-induced 
magnetic order 

at T<Tc
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Implications of induced order: spin glass phase
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Implications of induced order: LDOS
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Implications of induced order: LDOS
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HfL

M. Gastiasoro et al, 
preprint



T. Hanaguri (preprint)

Not there yet!

Need to include As, local structural modulations, associated Wannier w.f. etc



Outline

3) Conclusions

2b)Theoretical modeling:
- SDW phase (emergent impurity states, anisotropic scatterers)

2a) Overview of selected experimental data (STM, transport)

1b)Theoretical modeling:
- SC phase (realistic modeling of bound states) 

1a) Overview of selected experimental data (STM)



J. Chu et al
Science 2011

Resistivity anisotropy

Diminishing AF & Orthorhombicity
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1D hole-like dispersion; 
scattering off the dimers 

1) Doping induced

2) Not SDW Fermi surface effect 
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Importance of structure factor



1) Doping induced

2) Not SDW Fermi surface effect 

ρb>ρa

x dep.
1D hole-like dispersion; 
scattering off the dimers 





E. Rosenthal et al, 
1307.3526







Impurity- induced 
resistivity anisotropy



Much smaller 
resistivity 

anisotropy of 
hole-doped 

Ba1-xKxFe2As2



What do point-like impurities actually do 
in the SDW phase?
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They generate new emergent elongated 
impurity states!
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Origin of electronic dimers in the SDW phase
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Origin of electronic dimers in the SDW phase
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M. Gastiasoro et al, 
1307.4913

Nematogens:

1) robust (not 
sensitive to 

band, V_imp ..)

2) cooling-
dependent!

 



Origin of electronic dimers in the SDW phase

M. Gastiasoro et al, 
1307.4913

magnetization

density

LDOS
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S. Ishida et al, 
PRL 2013

M. Allan et al, 
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Origin of electronic dimers in the SDW phase

E. Rosenthal et al, 
1307.3526

S. Ishida et al, 
PRL 2013

M. Allan et al, 
Nat. Phys. 2013

We now have a microscopic candidate for these dimers



Origin of electronic dimers in the SDW phase

E. Rosenthal et al, 
1307.3526

S. Ishida et al, 
PRL 2013

M. Allan et al, 
Nat. Phys. 2013

Open question: how can the electronic dimers survive above Ts?

TN=39K

TS=54K



 Conclusions

Disorder in superconductors:

- rich bound state scenario (nonmagnetic, magnetic, induced order).

- more work needed for understanding of all details. 

Disorder in the SDW phase:

- nonmagnetic point-like potentials generate large 1D emergent 
nematogens.

- the nematogens constitute a microscopic candidate for electronic dimers 
seen by STM and the impurity-induced transport anisotropy.



Thank you for your attention


