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Unexpected Discovery of Superconductivity

� 1911: Onnes

�No electric resistance

�Complete diamagnetism



YBCO: the first superconductor at liquid nitrogen T

吴茂昆先生及太太



Magnetic suspension of superconductor



Mechanism of Superconductivity

� Conventional superconductors: BCS

� Unconventional magnetic superconductors ?

� Heavy fermion superconductors

� Copper oxide superconductors

B.C.S.



Grand Challenge in Physics 

� What is the mechanism for cuprate, heavy fermion

unconventional superconductors

unresolved physics of Mott system, Kondo lattice system

� Where to find superconductors of higher transition 

temperature

applications limited by expansive cryogenic requirement





Four types: 1111, 122, 111 and 11 &

three structure families of superconductors

Bao et al.,PRL 102, 247001 (2009)



Important ingredient: FeAs(Te,Se) layer





Magnetic RE suppresses s-wave superconductivity



Magnetic RE replacement enhances Tc:

unconventional superconductivity!



Outline 

1. What is the symmetry of the superconducting order parameter? S+/-

2. Which material parameter (s) control Tc? Shape of the FeAs tetrahedron

3. Can the superconducting state coexist with AFM state? Yes

4. Is the antiferromagnetic order really caused by a SDW instability due to 

the Fermi surface nesting? Orbital ordering transition

5. Itinerant or localized spins for normal state of superconductors? Itinerant

6. How to destroy the superconductivity? Diffusive spin fluctuations

7. A new different family of Fe-based superconductors? Yes



What is the superconducting symmetry 

for the Fe-based superconductors? S-wave or S+/-

ARPES: |∆(q)|



Neutron scattering measures spin-pair excitations



Neutron scattering



and spallation neutron user facilities

9.3亿

14亿



Triple-axis spectrometer



SPINS @ NIST



Neutron scattering measures spin-pair excitations



E0/kBTc=5.3





Symmetry of superconducting order

� ARPES: nodeless gap of 2∆

� Inelastic neutron scattering: resonance peak at Q≈(π,0) & E0<2∆

� S+/- symmetry

� The Cooper pairs formed of quasi-2D electrons





Q. Huang et al., PRB 78, 054529 (2008)

Physical nature of the antiferromagnetic transition?

Drew et al., Nature Mat. 8, 310 (2009)

Sm-1111

Luetkens et al. Nature Mat. 8, 305 (2009) Zhao et al. Nature Mat. 7, 953 (2008)

H. Chen et al., EPL 85, 17006 (2009)

T.J. Liu et al., Nature Materials 9, 718 (2010)





Spin-density-wave (SDW) order of a Fermi gas/liquid: (W.M. Lomer, 1962)

divergent Lindhard function χ0(Q,ω) at nesting vector Qsdw

SDW:      Dong et al., EPL ‘08 
Ma and Lu, PRB ’08
Kuroki et al, PRL ’08
Cao et al., PRB ‘08
……



Orthorhombic not tetragonal structure:  direction of M and Q? 



arXiv:0806.2195

(pi,0) and (0,pi) not equivalent

in orthorhombic lattice



arXiv:0806.2195

The first correct determination of the Q/M direction of magnetic 
order of 1111 in term of the orthorhombic unit cell



arXiv:0806.2776  The 1st magnetic structure determination of the 122 system



T.M. Rice, F.C. Zhang ’95

Pen et al. ‘97

Castellani, Natoli, Ranninger ‘78

Kugel, Khomskii ‘73

Cyrot, Lyon-Caen ‘73

…..



Magnetic exchange J determined by orbital overlap

Ordered pattern of J comes from ordered pattern of orbital occupation



The same SDW state predicted for the 11 system



arXiv:0809.2058 (2008)

The 11 system:

The 1111 or

122 systems:

Not FeTe1-x but Fe1+yTe



Orthorhombic distortion of the 11 system differs from that in either 

1111 or 122 system

No unit cell doubling in the 11 system

Bao et al., PRL 102, 247001 (2009)



Fe1+yTe: tetragonal at room T

� y>0.076

� weak first-order

� Metallic

� Orthorhombic (a>b)

� Q incommensurate

� y≤0.076

� strong first-order

� semiconducting

� Monoclinic (a>b)

� Q commensurate



Empirical rules for relating the sign of magnetic interaction J 

and lattice distortion

� From experimental results of combined crystalline and magnetic structure study of 1111, 

122 and 11 systems

� Rule 1: Lattice spacing expands: Antiferromagnetic J

� Rule 2: Lattice spacing contracts: Ferromagnetic J

Structural transition is a manifest of orbital occupation ordering transition



Type II: simultaneous 1st order

Magnetostructural transition

1111: de la Cruz et al. Nature (2008)

122: Q. Huang et al. PRL 101, 

257003 (2008)

11: W. Bao et al., PRL 102, 

247001 (2008)

Type I: structure transition 

followed by mag. transition



Physics process of the structural-magnetic transition(s) in the 

parent compounds

1. Geometry of the Fermi surface leads to an enhanced Lindhard function 

near (pi,0), but may not divergent

2. Orbital order leads to a set of {Jij} which makes        J(Q) χ0(Q,0) =1 at 

antiferromagnetic vector

3. Meanwhile also reflected by structural distortion

4. When TN {Jij} >Ts: first-order magnetostructural transition

5. When TN {Jij} <Ts: separated structural and magnetic transitions

Reviews of orbital physics:

� Imada, Fujimori & Tokura, RMP 1998

� Tokura & Nagaosa, Science 2000

Corroborated by Uchida et al.; Chu et al., arXiv:1002.3364; Tanatar et al., arXiv:1002.3801



Q. Huang et al., PRB 78, 054529 (2008)

Separated Structural and magnetic transition

Drew et al., Nature Mat. 8, 310 (2009)

Sm-1111

Luetkens et al. Nature Mat. 8, 305 (2009) Zhao et al. Nature Mat. 7, 953 (2008)

1111 systems



Simultaneous structural and magnetic transition

H. Chen et al., EPL 85, 17006 (2009) T.J. Liu et al., Nature Materials 9, 718 (2010)

122
11

The 1st report of coexistence of AF & SC orders 

in 122 systems: no macroscopic phase separation

The sole phase diagram similar to cuprates



Orbital order

� Magnetic transition and structural transition, whether separated or 

simultaneous, are naturally accounted for by the occupational order of d-

electron orbitals.



Better illustration of this point: C. Lee et al. (2008)



Diffusive (glassy) spin fluctuations 



MACS: diffuse magnetic scattering





Weak localization of electrons 

by diffuse spin fluctuations





arXiv:1101.4882 PRB Rapid Comm. accepted

�Chemical composition: 

�close to K0.8Fe1.6Se2, 

�Fe ion 2+

�Unit cell: 

�r5 X r5 X 1, 

�RR or LL interplane stacking



1102.0830

M=3.3µB/Fe





1102.2882





1102.3674





1102.2783





Summary

� There exists close relation between magnetic structure and 

crystalline distortion in the 11, 122 and 1111 systems

� Orbital ordering (structure transition) generates a set of J’s, 

which lead to a J(Q), which competes with bare χ0(Q,ω) to 

determine the antiferromagnetic order in Fe 

pnictide/chalcogenides.

� Magnetic resonance of Fe(Se0.4Te0.6) at E0/kBTc=5.3, below the 

charge gap 2∆/kBTc=7.

� Support the sign change of superconducting order parameter. 

Support for the s+/- symmetry, in combination with other data.



� Long-range magnetic order can coexists with 
superconductivity

� Normal state magnetic excitations: itinerant inclined 
concentrated continuum.

� Diffuse low energy magnetic fluctuations break electronic 
coherence and destroy superconductivity

� Higher Tc for samples with more perfect FeAs/Se 
tetrahedron

� Empty site decorated Fe square lattice offers a new route 
for discovery





the resonance in high magnetic field 

�Need higher magnetic field at neutron scattering facilities 

HZB data 07.2009;  arXiv:1002.1617



The 1st experimental suggestion of the orbital ordering





Resonance peak in 122 superconductors

Polycrystalline sample

Single crystalline sample



arXiv: 0907.0763

E0<2∆



� (π,0) in-plane magnetic vector � Separated structural and magnetic 
transitions

See also: McGuire et al., PRB ‘08




