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J. Chu et al
Science 2011

Resistivity anisotropy

NB: Diminishing AF & Orthorhombicity

b,y

a,x

Crystal detwinning 
allowing transport 
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measurements







Impurity-induced 
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What does the disorder “look like”?



Signatures of electronic nematicity in FeSC 
                 II. STM in SC state 

topography spectrum defect vortex 

FeSe: CL Song et al, Science 2011, PRL 2012 

a and b are only ~0.1% different!   But strong C4 symmetry breaking in SC state. 



Origin of electronic dimers in the SDW phase

E. Rosenthal et al, 
Nat. Phys 2014

TN=39K

TS=54K



Summary of main exp. facts

1) The emergence of strongly C2 symmetric impurity states

2) The counterintuitive sign of the resistivity anisotropy on the electron-doped side, where 
ρb > ρa although b < a.

 
3) The decrease of the anisotropy upon annealing.

4) The pronounced increase in ρb as TN is approached, with ρa remaining metallic like

5) The possible sign change but also significant decrease of the anisotropy on the hole-doped side.

6) The decrease in anisotropy both with increasing T and electron overdoping.

Challenges for theory:



Spin-nematic theory of resistivity anisotropy in nematic phase 

Fernandes, Abrahams and Schmalian PRL 2011 

Fluctuations in  
(π,0) direction  
soften at Ts 
 
No description of  
magnetically ordered  
phase 



Anisotropic AF spin fluctuations 

         Resistivity anisotropy



Anisotropic AF spin fluctuations 

         Resistivity anisotropy

Emergent anisotropic impurity states
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X. Lu et al
Science 2014



Results: Impurity response
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Results: Scattering rate
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Results: Scattering rate
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Results: Transport
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What happens to nematogens at T<TN ?



What do point-like impurities actually do 
in the SDW phase?
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Origin of electronic dimers in the SDW phase

Cooling down



Origin of electronic dimers in the SDW phase

(pi,pi) order 
below TN 

(neutrons)

strong, anisotropic 
charge potential 

(transport)

Electronic dimer 
(STM)

magnetization

density

LDOS



Origin of electronic dimers in the SDW phase

(pi,pi) order 
below TN 
(neutrons)

strong, anisotropic 
charge potential 

(transport)

Electronic dimer 
(STM)

magnetization

density

LDOS

M. Gastiasoro, P. J. Hirschfeld, BMA,
Phys. Rev. B(R) 89, 100502 (2014)

Electronic dimer 
(STM)
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Nematogens automatically give correct sign, 
annealing dependence of transport anisotropy 

a 

b 

•  Maximum resistivity in ferromagnetic direction 
•  Disappearance of anisotropy when parent compound is annealed 

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

Ishida et al 2013 

annealed! 

e- 

e- 



ArXiv:1408.1933



Impurity scattering dominates







Summary T-dependence
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Summary T-dependence

Ishida et al, PRL 2013



Summary doping-dependence
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Summary of main exp. facts

1) The counterintuitive sign of the resistivity anisotropy on the electron-doped side, where 
ρb > ρa although b < a.

 
2) The decrease of the anisotropy upon annealing.

3) The pronounced increase in ρb as TN is approached, with little or no increase in ρa.

4) The possible sign change but also significant decrease of the anisotropy on the hole-doped side.

5) The decrease in anisotropy both with increasing T and electron overdoping.

6) The emergence of strongly C2 symmetric impurity states

Challenges for theory:
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A magnetic tetragonal phase

No splitting!



A magnetic tetragonal phase



A possibility of unusual magnetic order



Is this proof that orbital ordering 
is not driving orthorhombicity 

and concomitant SDW?

I. Eremin & A. Chubukov
PRB 2009

A possibility of unusual magnetic order



Is this proof that orbital ordering 
is not driving orthorhombicity 

and concomitant SDW?

I. Eremin & A. Chubukov
PRB 2009

?

A possibility of unusual magnetic order



How can magnetic (non-doping) random disorder tune 

?

Puzzling



Phase coexistence

Initial suppression of TN followed by a 
cooperative impurity effect stabilizing 

(pi,0) order at high T.



Phase coexistence

12% Mn sample exhibits coexistence of 
tetragonal and orthorhombic phases 



Induced magnetic (pi,pi) scattering

6.0K 
10meV



Summary of main exp. facts for Mn-122

1) Mn impurities are a source of (non-doping) magnetic impurities.   

2) Mn induce local (pi,pi) order in their vicinity both above and below 
TN

3) (pi,0) order is induced above TN  but only for enough Mn.

4) Explain apparent absence of orthorhombicity.

Challenges for theory:
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The 5-band model + magnetic impurity

M. N. Gastiasoro et al
PRL 2014



The 5-band model + magnetic impurity

Mean-field decoupling and self-consistent solution for all densities at 
all orbitals and sites.



Single magnetic impurity
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Single magnetic impurity

Vimp=0.3eV Vimp=0.8eV

T>TN

x

HaL

-2

-1

0

- 6- 4- 20246

x

HcL

-3

-2

-1

0

- 6- 4- 20246

-p 0 p
-p

0

p

q x

HbL

0

0.005

0.010

0.015

0.020

- p0p

- p0p

-p 0 p
-p

0

p

q x

HdL

0

0.005

0.010

0.015

0.020

- p0p

- p0p

m(r)

|m(q)|



Two different kinds of magnetic impurities
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Multiple magnetic impurities



Generation of (0,pi) order-from-disorder 

3% Mn

Only (pi,pi) at low Mn 
concentrations



Generation of (0,pi) order-from-disorder 

3% Mn 6% Mn

(pi,pi) at low Mn 
concentrations

(pi,0) at high enough 
Mn concentrations



Generation of (0,pi) order-from-disorder 
- in a nutshell 
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Cooperative spin alignment cause 
(pi,0) Bragg peak above TN

F minimized“Quenched”
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(pi,0) at high enough 
Mn concentrations

T-dependence of Mn-induced (0,pi) order



T-dependence in real space for dilute concentrations

3% Mn

Real-space

|m(q)|2

T/TN = 1.08 T/TN = 0.77 T/TN = 0.46
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T-dependence in real space for dilute concentrations
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T-dependence in real space for dilute concentrations

6% Mn

Real-space

|m(q)|2

T/TN = 1.08 T/TN = 0.77 T/TN = 0.46

M. N. Gastiasoro et al
PRL 2014



Conclusions

1) Mn impurities are a source of magnetic impurities.   

2) Mn induce local (pi,pi) order in their immediate vicinity both above 
and below TN

3) (pi,0) order is induced above TN  but only for enough Mn.

4) Explain apparent absence of orthorhombicity.

Challenges for theory:
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Poisoning effects 



Extreme Tc 
suppression



Five band model

LaFeAsO 1111



Five band model

LaFeAsO 1111



Five band model

LaFeAsO 1111



Pairing



Five band model

LaFeAsO 1111



Study of magnetic disorder in the superconducting phase

Growing magnetization bubble upon approaching the QCP



Study of magnetic disorder in the superconducting phase

Quasi-long-range magnetic order induced by very dilute disorder 
concentrations

~0.4%~0.1% ~0.25%

-2

0

2

- 6- 4- 20246

1 18 34 1 18 34 1 18 34
0

0.5

1.0

1.5

2.0

2.5

- 6- 4- 20246



Study of magnetic disorder in the superconducting phase

Quasi-long-range magnetic order induced by very dilute disorder 
concentrations
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Thank you for your attention


