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 Introduction of neutron scattering techniques

 Spin wave and magnetic exchange interactions in the parent
compounds of iron based superconductors

 Spin excitations in iron based superconductors

 Summary
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Discovery of Iron-based high Tc Superconductors

What are universal ?
What are material dependent?



Fe pnictides

J. Zhao et al., Nature Materials 7 953 (2008) 

Parent compound: antiferromagnetic
Insulators

Fe pnictides: antiferromagnetic 
Semi-metals

Antiferromagnetism & superconductivity

Antiferromagnetism is universal !

N. P. Armitage et al., Rev. Mod. Phys 82 2421 (2010)

Cuprates
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Spin waves in the parent compounds of Cuprates

La2CuO4

Coldea et al. PRL 86 5377 (2001)
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J = 112 meV,  J’= -11 meV



Magnetic structures of Fe pnictide parent compounds

SrFe2As2

Zhao et al. Phys. Rev. B 78, 140504 R (2008)



Anisotropic magnetic exchange interactions in CaFe2As2

J. Zhao et al., Nature Physics  5, 555 (2009)

J1a=49.9 ±9.9 meV J1b=-5.7 ±4.5meV 
J2=18.9 ±3.4 meV Jc=5.3 ±1.3 meV

CaFe2As2



磁相互作用各项异性理论解释
巡游磁性（费米面嵌套）

L. X. Yang et al. PRL 102 107002 (2009)

BaFe2As2

1. Orbital ordering

2. Nematic ordering

3. Biquadratic interactions

4. Fermi Surface nesting

5. Combination of local moments
and itinerant electrons 

……



Discovery of K0.8Fe1.7Se2 (Tc= 32 K)

Hall effect: Heavily electron doped

J. Guo et al., PRB 82 180520 (2010)



ARPES measurements on K0.8Fe1.7Se2

T. Qian et al., Phys.Rev. Lett. 106, 187001 (2011)
Y. Zhang, et al. Nature Materials 10 273-277 (2011).
D. X. Mou, et al. Phys. Rev. Lett. 106 107001 (2011).



Magnetic and crystal structures of semiconducting K0.85Fe1.54Se2

J. Zhao et al., Phys. Rev. Lett. 109, 267003 (2012)



What about superconductors ?



Spin excitations in cuprate superconductors

La2CuO4

La1.84Sr.16CuO4

Resonance

B. Vignolle et al. Nature Physics  3 163 (2007)
S. M. Hayden et al, Phys. Rev. Lett.  76 1344 (1996).



J. Zhao et al., Phys. Rev. Lett. 99, 017001 (2007).

 Found in different classes 
of materials, both electron and 
hole-doped cuprates.

 Intensity increases like an 
order parameter below Tc.

 The energy of the mode 
scales with Tc.

Resonance is a universal feature in cuprates



A. D. Christianson et al., 
Nature 456, 930 (2008).

Neutron resonance in Fe pnictides

S. Chi  et al., 
Phys. Rev. Lett. 102, 107006 (2009).

(Ba,K)Fe2As2 (Tc=38K) BaFe1.9Ni0.1As2 (Tc=20 K)



(BaK)Fe2As2

Ba(FeNi/Co)As2

Resonance is a universal feature for high Tc superconductors 

Resonance energies  in Fe 
pnictides also scale with Tc

J. Zhao et al., Phys. Rev. Lett. 99, 017001 (2007).

Resonance is universal !



Maier et al., Phys. Rev. B (2008)

Sign-reversed s wave gap in Fe pnictides

Korshunov et al., Phys. Rev. B (2008)

Theoretical model for resonance: collective spin-1 excitation

Er ≤|∆(K)|+|∆(K+Q)|



Field effect on the dynamic susceptibility 

meVSBgE B 7.1 

J. Zhao et al., Phys. Rev. B 81, 180505(R) (2010)

BaFe1.9Ni0.1As2 (Tc=20 K)



Isovalent Doping effect



Phase diagrams of isovalent doped iron based superconductors



Tc=14.5 K Tc=20 K

J. Zhao et al., Phys. Rev. Lett. 110,147003 (2013)

BaFe1.9Ni0.1As2 (Tc=20 K)

Ba(Fe1-xRux)2As2

Damped resonance mode in Ba(Fe1-xRux)2As2



Effect of electron correlation on the resonance intensity

Correlation

Strong

Weak



 The iron-based superconductors exhibit a similar phase diagram to 
those of the cuprates. 

 In the parent compounds of iron-based superconductors, the Fe spin 
dynamics provide needed high energy scale (~200 meV) for the pairing.

 All parent compounds display a stripe AFM order with large in plane 
anisotropy of the exchange coupling constants; such stripe AFM order 
is driven by exchange interactions between local moments and does 
not necessarily only appear under Fermi surface nesting.

 Low energy spin excitations of iron-based superconductors are 
dominated by a resonance mode. 

 No Zeeman splitting observed for the resonance mode. 
 The resonance energy is proportional to the superconducting gap.
 Resonance is damped when electron correlations are weakened. 

Resonance may not be the only ingredient for pairing.

Summary
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