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LaFeAs(O1-xFx) 

Tc ~ 26 K 

Superconductivity in Fe-Pnictides ― Discovery 

Y. Kamihara et al., JACS, 130, 3296 (2008).  

Superconductivity in Fe-Pnictides ― Discovery 



Superconductivity in Fe-Pnictides ― Discovery 

Hosono’s group was not looking for 

superconductor, but trying to create new kind of 

transparent semiconductors for flat-panel display. 

LaFePO Tc=4 K 

LaFeP(O,F) 

LaFeAs(O,F) 

Tc=7 K 

Tc=26 K 

Tc=56 K SmFeAs(O,F) 

Only two months! 

High-Tc superconductors 
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122 1111 

La 

Ba Li 
Al 

O 

Ca 

Tc(max)=47K Tc(max)=55K Tc(max)=38K 

42622 
(32522) 

Ln FeAsO BaFe2As2 LiFeAs FeSe 

Tc= 18 K Tc= 8 K 

M. Rotter et al.(2008) F.C.Hsu et al.(2008) X.C.Wang et al.(2008) Y. Kamihara et al.(2008) 

(A4M2O6) Fe2As2 

Zhu et al.(2009) 
Ogino et al. (2009) 

2D square lattice of Fe 

Well separated electron 

and hole sheets 

Fe-based high-Tc superconductors 



Comparable to the 

conventional metals 

Electron-phonon coupling is not sufficient to explain 

superconductivity in the whole family of Fe-As based 

superconductors 

Are iron-pnictides an Electron-Phonon Superconductor? 

Debye frequency 

Electron-phonon coupling 

L. Boeri, O.V. Dolgov, and A.A. Golubov, PRL 101, 026403 (2008). 

Fe-based high-Tc superconductors 
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/lambda /sim 0.2/end{align*}


Superconductivity in Fe-Pnictides ― Discovery 

Why are Fe-based HTSC important? 

They knocked the cuprates off their pedestal as a unique 

class of high temperature superconductors. 

2. A new family of unconventional superconductors 

1. A new class of high temperature superconductors 

A possible new mechanism of high-Tc superconductivity 



Well separated electron 

and hole sheets 

Three families of unconventional superconductor 
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Co 
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Heavy fermion compound 
(Ce, U) 

  Strong correlation   Weak correlation 

Iron pnictide (Fe) Cuprate (Cu) 

Very strongly localized 

4f, 5f electrons  

Weakly localized  

3d-electrons 

Strongly localized 

3d-electrons 



Three classes of unconventional superconductor 

Mott insulator 

O 

Cu 

hole 

(La1-xSrx)2CuO4 La3+  Ba2+  La2CuO4 

High-Tc superconductor 

Ce 
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Iron pnictide (Fe) Cuprate (Cu) 

Carrier doping 



Well separated electron 

and hole sheets 

Kondo effect 

f-electron 

conduction 

electron 

Kondo cloud 
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High temperature Low temperature 

Up to ~1000 times  

the free electron mass 

“Heavy Fermions” 

Ce 

Co 

In La 

Heavy fermion compound 
(Ce, U) 

Iron pnictide (Fe) Cuprate (Cu) 

Hybridization with 

conduction 

electrons 

Three families of unconventional superconductor 



Well separated electron 

and hole sheets 

Superconductivity is induced by suppressing a magnetically ordered phase 

Magnetic fluctuations may bind the Cooper pairs 

Ce 

Co 

In La 

Heavy fermion compound 
(Ce, U) 

Iron pnictide (Fe) Cuprate (Cu) 

Three families of unconventional superconductor 



Well separated electron 

and hole sheets 

Electron correlation 

Fermi surface 

Magnetic structure 

Physics 

Pnictide 

strong 

simple 

2D 

simple 

Multi-orbital 

Cuprate 

strong 

Very simple 

2D 

simple 

Mott 

Heavy Fermion 

very strong 

Complicated 

3D 

complicated 

Kondo 

Ce 

Co 

In La 

Heavy fermion compound 
(Ce, U) 

Iron pnictide (Fe) Cuprate (Cu) 

< < 

Three families of unconventional superconductor 



Comparison and contrast between cuprates and pnictides 

Phase diagram 

Cu 
O 

Cuprates Fe-pnictides 

3D Metal 2D Metal 

In layered 2D metals, interactions decay more slowly and hence are stronger 

P. Coleman, Science 327, 969 (2010) 

Enhanced fluctuations  suppression of magnetic order 
FeAs layer 

FeAs layer 

Superconductivity in 2D planes 

Similarities and differences between cuprates and pnictides 

Cu 

O 

Fe 

As above 

As below 



Cu 
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Cuprates Fe-pnictides 

1 mB S=1/2 

~0.6 mB 
2D quantum fluctuation 

0.3-0.5 mB 

0.8-1 mB 
~2 mB itinerant 

Antiferro 

Ferro 

Similarities and differences between cuprates and pnictides 

SDW metal AFM insulator 

Parent compound 

Stripe SDW order 

BaFe2As2 

Cu 
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Cu 
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Cuprates Fe-pnictides 

Strong electron-electron correlation 

Cu3d 

Cu3d 

O2p U 

W 

U : Coulomb  ~ 8eV 

W : Band width  ~ 3eV 

Mott insulator 

U~W~2-3 eV 

Intermediate correlation 

x2-y2 

3z2-r2 xy 

xz,yz 

Spin density wave (SDW) metal 

Similarities and differences between cuprates and pnictides 

Parent compound 



Similarities and differences between cuprates and pnictides 

Phase diagram 

Superconductivity occurs in the vicinity of magnetic order 

Cu 
O 

Cuprates Fe-pnictides 

Ba(Fe1-xCox)2As2 

Superconductivity is induced by suppressing a magnetically ordered phase 

In Fe-pnictides, structural (Ts) and  AFM transition (TN)  

lines follow closely each other 



Similarities and differences between cuprates and pnictides 

Phase diagram 

Cu 
O 

Cuprates Fe-pnictides 
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SC 

Ground state can be tuned  
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Superconductivity induced 
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Cuprates Fe-pnictides 

Similarities and differences between cuprates and pnictides 



Cu 
O 

Cuprates Fe-pnictides 

electron 

hole 

Tl2Ba2CuO6+d 

hole 

Well separated hole and electron bands 
Only hole band  

Similarities and differences between cuprates and pnictides 



Cu 
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Cuprates 

N. E. Hussey et al., 

Nature (2003). 

Fe-pnictides 
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Tl2Ba2CuO6+d 

BaFe2As2 

Mainly three orbitals 

Similarities and differences between cuprates and pnictides 

One orbital 
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Cu 
O 

Cuprates Fe-pnictides 
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Cu 
O 

Cuprates Fe-pnictides 

Q ~ (π,π) 

hole 

electron 

kx 

ky 

+ + 
AF Brillouin zone  

Node 

Q = (π,π) 

AF 

Brillouin 

zone  

Similarities and differences between cuprates and pnictides 

Q=(p,0) 

G G 

hole 

hole electron 



Two band superconductor 

U U 
V 

Gap equation 

repulsive 

attractive 

hole 
electron 

 ke

k

Q

disconnected Fermi surfaces 

Iron pnictides: candidate for the SC state 

W: band width At Tc:  

Sign change 

No sign change 
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/Delta_e=/Delta_h
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/Delta_e=-/Delta_h
/end{align*}


Does the gap change sign between the 

hole and electron  pockets?  

Full gap or nodal? 

Is the node accidental or symmetry protected? 

Superconducting gap structure of iron pnictides 

Is the major pairing interaction repulsive or attractive?  

Accidental :  presence of two (or more) 

competing pairing interactions 

Gap structure is closely related to the pairing interaction 

Nodal 

Full gap 

Presence of repulsive interaction. 



• Pairing due to purely repulsive electronic interaction  

                     (enhanced by spin fluctuations) 

Mazin et al, PRL (2008) 

Kuroki et al, PRL (2008) 

Chubukov et al, PRB (2008) 

Wang et al, PRL (2009) 

Sknepnek et al, PRB (2009) 

Graser et al, NJP (2009) 

Cvetkovic et al, EPL (2009) 

0V

Iron pnictides: candidate for the SC state 

Q ~ (π,π) 

hole 

electron 

kx 

ky 

Q=p,p 

+ + 

cf. d-wave cuprate 

I. I. Mazin et al., PRL 101, 057003 (2008). 

K. Kuroki et al., PRL 101, 087004 (2008). 

                      & PRB 79, 224511 (2009). 
A. V. Chubkov et al., PRB 80, 140515(R) (2009). 

S. Graser et al., NJP 11, 025016 (2009). 

H. Ikeda, PRB 81, 054502 (2010). 

K. Seo et al., PRL 101, 206404 (2008).  

F. Wang et al., PRL 102, 047005 (2009).  

・
・
・
 

Q=(p,0) 

G 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
S_{+-}
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• Pairing due to attractive interaction caused by 
charge/orbital fluctuations. 

0V

Kontani & Onari, PRL (2010) 

Iron pnictides: candidate for the SC state 

Orbital fluctuations  

(Quadrupole fluctuation) 

e- 

Charge up Charge down 

Occupation number of each orbit 

at each Fe site fluctuates 

     H. Kontani & S. Onari, PRL 104, 157001 (2010). 

 F. Kruger et al., PRB 79, 054504 (2009).  

                  Y. Yanagi et al., PRB 81, 054518 (2010). 

G 
hole electron 

X 

+ 

+ 

+ 

xz xy 
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S_{++}
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Cu 
O Cuprates Fe-pnictides 
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Iron pnictides: candidate for the SC state 
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r-space 
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+ + 
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As above 

As below 
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+ + 

+ + 

Fe-pnictides 

 

  0 cos(2)

+ + 

- 

- d-wave  

Iron pnictides: candidate for the SC state 

k-space (repulsive) 
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As 
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Structural (Ts) and  AFM transition (TN)  lines follow 

closely each other 

Ferro-orbital ordering 
AF Magnetic order 

Iron pnictides: candidate for the SC state 

Spin fluctuations or orbital fluctuations? 

Who is the driver? 
Chicken or the egg?  



If fully gapped, is the gap change its sign between the hole 

and electron pockets? 

Full gap or nodal? 

Gap structure of iron pnictides 



hole doped Ba1-xKxFe2As2 

0
/ 

Fully gapped (no nodes) with (line) nodes 

Low-lying excitations 

x~0.4 

K. Hashimoto, et al., PRL 102, 027001 (2009). 

H. Ding et al., EPL 83, 47001 (2008). 

Full gap superconductivity 

X.G. Luo et al. PRB 80, 140503 (2009). 

Penetration depth 

Tc=26 K 

x~0.25 

Thermal conductivity 

No residual normal fluid  

x~0.55 

Tc=32 K 

Tc=37 K 

ARPES 
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electron-doping 

(Ba1-xKx)Fe2As2 

(Tc
opt ~ 38 K) 

Ba(Fe1-xCox)2As2  

(Tc
opt ~ 24 K) 

SC 
SC 

Parent compound 

BaFe2As2 

(AF Metal) 

Superconductivity in BaFe2As2 systems 

SC 

no hole 

pockets 

no electron 

pockets 

KFe2As2(Tc=3 K) 

g~100 mJ/K2mol 



x [K] 

Tc 

x [P] 

SC 

isovalent 

substitution 
(Tc

opt ~ 30 K) 

Ground state can be tuned  without doping carriers  

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 

hole-doping 

electron-doping 

(Ba1-xKx)Fe2As2 

(Tc
opt ~ 38 K) 

Ba(Fe1-xCox)2As2  

(Tc
opt ~ 24 K) 

SC 
SC 

Parent compound 

BaFe2As2 

(AF Metal) 

x [Co] 

BaFe2(As1-xPx)2 

SC 

S. Jiang et al. JPCM (09) 

x=0.6 

no hole 

pockets 

no electron 

pockets 

KFe2As2(Tc=3 K) 

g~100 mJ/K2mol 

Superconductivity in BaFe2As2 systems 
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Tc 
hole-doping 

electron-doping 

(Ba1-xKx)Fe2As2 

(Tc
opt ~ 38 K) Ba(Fe1-xCox)2As2  

(Tc
opt ~ 24 K) 

SC 
SC 

Superconducting gap structure of BaFe2As2 systems 

SC 

Full gap 
Penetration depth 

Thermal conductivity 

Specific heat 

NMR 

ARPES 

Full gap 

Penetration depth 

Thermal conductivity 

Specific heat 

ARPES 

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 

no hole 

pockets 
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Tc 

(Ba1-xKx)Fe2As2 

(Tc
opt ~ 38 K) Ba(Fe1-xCox)2As2  
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opt ~ 24 K) 

SC 
SC 

SC 

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 

Superconducting gap structure of BaFe2As2 systems 

electron-doping 

hole-doping 

no hole 

pockets 
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Tc 

SC 
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hole-doping 

no electron 

pockets 
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Z 
X 

Y. Zhang et al., 

Nature Materials (2011). 

Full gap 
Heavily electron 

doping 

s-wave symmetry 

Full gap in inner electron 

pocket around Z-point 

s-wave symmetry 

electron-doping 

SC gap structure in heavily electron doped systems 

SC 
SC 

SC 

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 
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Tc 
hole-doping 

electron-doping 

(Ba1-xKx)Fe2As2 

(Tc
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(Tc
opt ~ 24 K) 

SC 
SC 

Superconducting gap structure of BaFe2As2 systems 

SC 

Full gap 
Penetration depth 

Thermal conductivity 

Specific heat 

NMR 

ARPES 

Full gap 
Penetration depth 

Thermal conductivity 

Specific heat 

ARPES 

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 

Full gap 
ARPES 

no hole 
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Sign change or no sign change? 

or ? 

Orbital fluctuations  

(Quadrupole fluctuation) 

e- 

Charge up Charge down 

Spin fluctuations 

Q=(p,0) 

G 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
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S+- or  S++? 

1. Phase sensitive test 

2. NMR 

3. Neutron scattering 

4. Quasi-particle interference 

5. Impurity effect 



Pb 

S+- or  S++?: Phase sensitive tests 

d-wave  

Practically very difficult to fabricate such junctions 



Pb 

S+- or  S++?: Phase sensitive tests 

d-wave  

C.T. Chen et al. Nature Phys. (10) 

NdFeAsO0.88F0.12 

Experiments have been performed on polycrystals 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
S_{+-}
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S_{++}
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Quasiparticle excitations from the SC ground state 

B-quasiparticle: a superposition of  an electron and a hole 

Sign change or no sign change? 

Coherence factor 

Nuclear magnetic resonance 

Neutron scattering 

Quasiparticle interference 

 connected by time-

reversal symmetry 

scattering 

Scattering of QPs 

Creation and annihilation 

of two QPs 
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Hebel-Slichter peak 

d-wave 

s-wave 

No HS peak 

Almunium 

N. Curro et al. Nature (12) 

K. Ishida et al. JPSJ (93) 

S+- or  S++?: NMR 
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T. Oka et al.  

PRL (12) 

Hebel-Slichter peak 
No HS peak 

D. Parker et al.  

PRB (08) 

No HS peak 

S+- or  S++?: NMR 

However,  the HS peak readily disappears by inelastic scatterings, eg. Pb. 

Absence of the coherence peak is not evidence of  
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Sharp resonance peak at res< 2 (el+hole) 

疑問点： 

resolution limit 
2~0.9meV 

resonance peak 
d-wave 

Tc=2.3K 

Observed peak is rather small and broad  

Broad peak at res> 2 (el+hole) 

   

Stock et al., PRL 100, 087001 (2008) 

CeCoIn5 

 

 
S+- or  S++?: Neutron resonance peak at Q 

Sharp resonance peak at res< 2 

In the superconducting state 

The coherence factor becomes 2 for  
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Sharp resonance peak at res< 2 (el+hole) 

疑問点： 

resolution limit 

 

 

Observed peak is rather small and broad  

S+- or  S++?: Neutron resonance peak at Q 

Broad peak at res> 2 (el+hole) 

   

In the superconducting state 

The coherence factor becomes 2 for  

Neutron inelastic scattering around Q 

Inosov et al., Nat. Phys. (10). BaFe1.85Co0.15As2 

Sharp resonance peak at res< 2 (el+hole) 

Broad peak at res> 2 (el+hole)   

ARPES（bulk-sensitive）: 

penetration depth: 

Luan et al., PRL 2011 

Terashima et al., PNAS 2009 

specific heat: 

Hardy et al., EPL 2010 
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Sharp resonance peak at res< 2 (el+hole) 

疑問点： 

resolution limit 

 

 

Observed peak is rather broad  

S+- or  S++?: Neutron resonance peak at Q 

Broad peak at res> 2 (el+hole) 

   

Neutron inelastic scattering around Q 

Sharp resonance peak at res< 2 (el+hole) 

Broad peak at res> 2 (el+hole)   

S. Onari and H. Kontani, PRB (11) 

Neutron scattering experiments can be explained by either models. 

In the superconducting state 

The coherence factor becomes 2 for  

Inosov et al., Nat. Phys. (10). BaFe1.85Co0.15As2 
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S+- or  S++?: Quasiparticle interference (QPI) 

Bogoliubov-QPI for Cuprate 

FT 

Nonmagnetic impurity 

V 

I 
ρ(r,E) 

Quasi-Particle Interference 

No impurity (no scattering)                      for 

S+- or  S++?: Quasiparticle interference (QPI) 

Tunnel conductance 

Tunnel conductance 

coherence factor matrix element 

QP scattering probability (SC state) 

sign-preserving scattering 

sign-reversing scattering 

Nonmagnetic 

(no spin flip) 

small 

large 
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S+- or  S++?: Quasiparticle interference (QPI) 

Bogoliubov-QPI for Cuprate 
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qy q1 

q2 
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q4 
q5 

q6 

q7 

𝑍 𝒒, 𝐸  

T. Hanaguri, et al., Science 323, 923 (2009). 

FT 

ギャップ関数が同位相の時、準粒子干渉無し 

Nonmagnetic impurity 

sign-preserving scattering ＝＞ suppression 

sign-reversing scattering＝＞ enhancement 

M. Maltseva and P. Coleman, Phys. Rev. B 80, 144514 (2009). 

銅酸化物においてd波決定に貢献！ Δk and Δk+q 

Cuprate : Octet Model 

coherence factor 

V 

I 
ρ(r,E) 

Quasi-Particle Interference 

No impurity (no scattering)                      for 

S+- or  S++?: Quasiparticle interference (QPI) 

Tunnel conductance 

Tunnel conductance 

:(q1, q4, q5) 

sign-preserving  (q1, q4, q5) 

(q1, q4, q5) 

sign-reversing   

   (q2, q3, q6, q7) 

J. Hoffman et al., Science (2002), K. McElroy, et al., Nature (2003). 

T. Hanaguri et al. 
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S+- or  S++?: Quasiparticle interference (QPI) 

Bogoliubov-QPI for Cuprate 
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q7 

T. Hanaguri, et al., Science 323, 923 (2009). 

ギャップ関数が同位相の時、準粒子干渉無し 

M. Maltseva and P. Coleman, Phys. Rev. B 80, 144514 (2009). 

銅酸化物においてd波決定に貢献！ 

coherence factor 

S+- or  S++?: Quasiparticle interference (QPI) 

Tunnel conductance 

Fe-based superconductor 

q2 

q3 

q2 qy 

T. Hanaguri, et al.,  

Science 328, 474 (2010). 

1 Fe/1 unit cell 

Fe(Se,Te) 

+ − 

S±-wave SC 

+ + 

S++-wave SC 

q2 q2 

ｋx 

ｋy 

Is the observed peak at q2 indicative of Ｓ±? 

FT 

Nonmagnetic impurity 

V 

I 
ρ(r,E) 

Quasi-Particle Interference 

No impurity (no scattering)                      for 

Tunnel conductance 

Zero at q2 Peak at q2 

De=/Dh 

S+- is not concluded by QPI. 

However, q2 spot can appear even 

in S++  case when  

sign-preserving scattering ＝＞ suppression 

sign-reversing scattering＝＞ enhancement 
Δk and Δk+q 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
Z({/bold r},E)/equiv /frac{dI/dV({/bold r}, +E)}{dI/dV({/bold r}, -E)}=/frac{/rho({/bold r},+E)}{/rho({/bold r},-E)}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
Z({/bold q},E)
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
Z({/bold q},E)=0
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
{/bold q}/neq 0
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
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Impurity effect: proton irradiation 

theoretical prediction for S+ wave (Onari and Kontani, PRL 2009) 

     Ba(Fe1-xCox)2As2 
Nakajima et al., Phys. Rev. B 82, 220504(R)  

T
c/

 T
c0

 

normalized scattering ratio 

x= 

   Ba1-xKxFe2As2 
Taen et al., Phys. Rev. B 88, 224514 

normalized scattering ratio 
(m*/m=2) (m*/m=4) 

The robustness of the SC state against impurity contradicts with the S+- 

wave state. 

S+- or  S++?: Impurity effect 



No conclusive experimental evidence so far 

? ? 
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Are all iron-based high-Tc superconductors 

fully gapped? 

Accidental or symmetry protected? 

If some are nodal 

Presence of repulsive interaction 

If accidental 

Presence of two (or more) 

competing pairing interactions  



x [Co] 

x [K] 

Tc 
hole-doping 

electron-doping 

(Ba1-xKx)Fe2As2 

(Tc
opt ~ 38 K) Ba(Fe1-xCox)2As2  

(Tc
opt ~ 24 K) 

SC 
SC 

Superconducting gap structure of BaFe2As2 systems 

SC 

Full gap 
Penetration depth 

Thermal conductivity 

Specific heat 

NMR 

ARPES 

Full gap 
Penetration depth 

Thermal conductivity 

Specific heat 

ARPES 

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 

Full gap 
ARPES 

no hole 

pockets 
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electron-doping 
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(Tc
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Ba(Fe1-xCox)2As2  

(Tc
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SC 

SC gap structure in isovalent doped systems 

SC 
SC 

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 



x [K] 

Tc 

x [P] 

SC 

isovalent 

substitution 
(Tc

opt ~ 30 K) 

hole-doping 

electron-doping 

(Ba1-xKx)Fe2As2 

(Tc
opt ~ 38 K) 

Ba(Fe1-xCox)2As2  

(Tc
opt ~ 24 K) 

SC x [Co] 

BaFe2(As1-xPx)2 

SC 

S. Jiang et al. JPCM (09) 

x=0.6 

SC gap structure in isovalent doped systems 

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 



Luo et al. 

Kurita et al. 

hole 

isovalent 

•T-linear penetration depth 

•Finite k0/T in the T0 K limit 

 

 

Clear evidence for line node with 

sign change in BaFe2(As1-xPx)2 

HTT  )0(/k

HTTC  )0(/
K. Hashimoto et al., PRB (2010) 

K. Hashimoto et al.,  PRL (2009) 

K. Hashimoto et al., Science (2012) 

A. Carrington et al. (2014) 

  

Hole doped 

isovalent 

BaFe2(As0.67P0.33)2 

Ba0.75K0.25Fe2As2 

Luo et al. 

Kurita et al. 
k00/T: Impurity induced QPs 

hole 

isovalent 

Penetration depth 

SC gap structure in isovalent doped systems 

Doppler shift 

BaFe2(As0.53P0.47)2 

Thermal conductivity 

Penetration depth Specific heat 

Full gap 
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K. Hashimoto et al., Science (2012)  

・The presence of line nodes is a robust feature for all x. 

SC gap structure in isovalent doped systems 

Implication of line node 

Unconventional superconductivity  

non-phononic (magnetic) pairing interaction 

Presence of repulsive interaction 



Non-universal gap structure in BaFe2As2 systems 

KxFe2-ySe2 (Tc~30 K) KFe2As2 

(Tc=4 K) 
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Penetration depth 

Thermal conductivity 

NMR   ARPES 

Line nodes 

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 

ARPES 

Full gap 

no electron 

pockets 
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Nodal 

Full gap 

Nodal Nodal 

Gap structure of hole doped Ba1-xKxFe2As2 

line 

node 

full 

gap 

Boundary 

0.76 < x < 0.88 

The gap structure  

changes at x~0.8. 

D. Watanabe et al. PRB (2014) 

 

Consistent results from STM:  

Y. Ota et al., arXiv:1307.7922 

 



Non-universal gap structure in BaFe2As2 systems 

KxFe2-ySe2 (Tc~30 K) KFe2As2 

(Tc=4 K) 

 

No hole pockets 

No electron pockets 

(b) 

(c) Fe 

As 

TN > T 
[100]O 

[010]O 

Fe 

As/P 
[100]T 

[001]T 

x [Co] 

x [K] 

Tc 
hole-doping 

electron-doping 

(Ba1-xKx)Fe2As2 

(Tc
opt ~ 38 K) 

x [P] 

SC 

isovalent 

substitution 

BaFe2(As1-xPx)2 

(Tc
opt ~ 30 K) 

Ba(Fe1-xCox)2As2  

(Tc
opt ~ 24 K) 

Penetration depth 

Thermal conductivity 

Specific heat 

NMR 

ARPES 

Full gap 

Penetration depth 

Thermal conductivity 

Specific heat 

ARPES 

Full gap 

 

 

Penetration depth 

Thermal conductivity 

NMR   ARPES 

Line nodes 
 

 

Penetration depth 

Thermal conductivity 

NMR   ARPES 

Line nodes 

A1g s-wave 
A1g s-wave 

What’s the symmetry? What’s the symmetry? 

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 

ARPES 

Full gap 
A1g s-wave 



40

30

20

10

0




 (
n
m

)

0.030.020.010

(T / Tc)
2

x = 0.33
 

exp(-/kBT) 

T2 

T 

T2 

Impurity 

scattering 

T1.4 

40

30

20

10

0




 (
n
m

)

0.030.020.010

(T / Tc)
2

 
x = 0.36
 

exp(-/kBT) 

T2 

T 

Observation of node lifting by disorder 

T → T2 → exp(-/kBT) → T2 

 changes with irradiation as 

T2 exp(-/kBT) T T2 

“Nonmagnetic” disorder 

S±  Y. Wang et al., PRB 87, 094504 (2013). 

no evidence of Curie upturn  

down to ~80 mK 

magnetic moment of point disorder  

is smaller than ~ 0.2-0.4mB 

Y. Mizukami et al.  

)()0(
2

1
TLm  +



Nodal s-wave 

K. Okazaki et al., Science (2012).  

Laser ARPES 

Gap symmetry in KFe2As2 

M. J. Graf, PRB 53 15147  

ky 

kx 

Octet-Line Node 



ky 

kx 

Nodal s-wave 

K. Okazaki et al., Science (2012).  

Laser ARPES 

Gap symmetry in KFe2As2 

M. J. Graf, PRB 53 15147  

ky 

kx 

d–wave 

Thermal conductivity 

J.-P. Reid et al., PRL (2012). 
line 

node 

full 

gap 

Boundary 

0.76 < x < 0.88 

Doping evolution of  

quasiparticle excitations 

s-wave 

F. Hardy et al. JPSJ (2013) 

Specific heat 
J.P.Reid et al. PRL (2012) 



Non-universal gap structure in BaFe2As2 systems 

KxFe2-ySe2 (Tc~30 K) KFe2As2 

(Tc=4 K) 

 

No hole pockets 
No electron pockets 

(b) 

(c) Fe 

As 

TN > T 
[100]O 

[010]O 

Fe 

As/P 
[100]T 

[001]T 

x [Co] 

x [K] 

Tc 
hole-doping 

electron-doping 

(Ba1-xKx)Fe2As2 

(Tc
opt ~ 38 K) 

x [P] 

SC 

isovalent 
substitution 

BaFe2(As1-xPx)2 

(Tc
opt ~ 30 K) 

Ba(Fe1-xCox)2As2  

(Tc
opt ~ 24 K) 

nodal 

nodal 

full gap 
full gap 

Penetration depth 
Thermal conductivity 
Specific heat 
NMR 
ARPES 

Full gap 

Penetration depth 
Thermal conductivity 
Specific heat 
ARPES 

Full gap 

 
 

Penetration depth 
Thermal conductivity 
NMR   ARPES 

Line nodes 
 
 

Penetration depth 
Thermal conductivity 
NMR   ARPES 

Line nodes 

A1g s-wave 
A1g s-wave 

A1g s-wave 

KxFe2-ySe2 

 (Tc
opt ~ 31 K) 

ARPES 

Full gap 

A1g s-wave 

full gap 

A1g s-wave 



s-wave (A1g) 

 Nodes: Accidental 

d–wave (B1g or B2g)  

Nodes: Symmetry-

protected 

ky 

kx 

ky 

kx 

or 

Non-universal gap structure in BaFe2As2 systems 

What’s the symmetry? What’s the symmetry? 



,  

鉄系高温超伝導体 

銅酸化物、重い電子系との比較 

超伝導ギャップ構造 

量子臨界点 



Control parameter g gc 

 T
e
m

p
e
ra

tu
re

 

Ordered  

phase 

Disordered 

phase 

crossover 

Fermi liquid 

Quantum Critical Point (QCP) 

Heavy Fermion Cuprate 

Quantum 

critical 

regime 

H. V. Löhneysen, A. Rosch, M. Vojta, and P. Wölfle, RMP (07) 

Fe-pnictide 

Cuprate 



g: pressure, chemical substitution, magnetic field 

フェルミ液体 

(Quantum critical point) 

Control parameter g gc 

 T
e
m

p
e
ra

tu
re

 

Ordered  

phase 

Disordered 

phase 

crossover 

Fermi liquid 

Quantum Critical Point (QCP) 

Quantum 

critical 

regime 

Non-Fermi liquid 

properties 

Quantum 

critical 

regime 

Quantum time scale 

Thermal time scale 

QP excitations are well defined 

Physical properties are 

seriously influenced by QCP at 

g=gc. 
S. Sachdev, Quantum Phase Transitions 

Ordinary phase transition – driven by thermal fluctuations 

Quantum phase transition –  driven by zero temperature quantum 

fluctuations associated with 

Heisenberg’s Uncertainty Principle 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
L_T=/frac{/hbar}{k_BT}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/xi/propto|g-g_c|^{/nu}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/xi_/tau/propto/xi^z
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/xi_/tau<L_T
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/xi_/tau>L_T
/end{align*}


g: pressure, chemical substitution, magnetic field 

フェルミ液体 

(Quantum critical point) 

Control parameter g gc 

 T
e
m

p
e
ra

tu
re

 

Ordered  

phase 

Disordered 

phase 

crossover 

Fermi liquid 

Quantum Critical Point (QCP) 

Heavy Fermion 

Fe-pnictide 

Cuprate 

Quantum 

critical 

regime 

Non-Fermi liquid 

properties 

Does the QCP lie beneath the SC dome? 

1. Mechanism of superconductivity 

2. non-Fermi liquid properties  

3. Coexistence of SC and magnetic (exotic) order  

 

H. V. Löhneysen, A. Rosch, M. Vojta, and P. Wölfle, RMP (07) 

SC 

 

 

Quantum 

critical 

regime 

S. Sachdev, Quantum Phase Transitions 



QCP lying beneath the SC dome Criticality avoided by the 

transition to the SC state 

What lies beneath the SC dome? 

There may be a QCP located 

along the axis of another 

control parameter 

1. Non-Fermi liquid properties  

2. Mechanism of unconvensional SC 

3. Microscopic coexistence of SC and 

magnetic (exotic) order 

Fermi 

liquid 

Magnetic  

order SC 

Control parameter 

T
e
m

p
e
ra

tu
re

 

1st order 

Fermi 

liquid 

Magnetic  

order SC 

Control parameter 

T
e
m

p
e
ra

tu
re

 
1st  

order 

phase 

separation? 

Fermi 

liquid 

Magnetic  

order SC 

Control parameter 

T
e
m

p
e
ra

tu
re

 

SC2 
SC1 

QCP 

Non-Fermi 

liquid 

tetra critical 

point 

Case-I Case-II Case-III 

Origin of non-Fermi liquid properties, 

if observed, is not clear. 



x [Co] 

x [K] 

Tc 
hole-doping 

electron-doping 

(Ba1-xKx)Fe2As2 

(Tc
opt ~ 38 K) 

Ba(Fe1-xCox)2As2  

(Tc
opt ~ 24 K) 

SC 

Parent compound 

BaFe2As2 

(AF Metal) 

Superconductivity in BaFe2As2 systems 

SC 

no electron 

pockets 

no hole 

pockets 



x [K] 

Tc 

x [P] 

SC 

isovalent 

substitution 
(Tc

opt ~ 30 K) 

Ground state can be tuned  without doping carriers  

hole-doping 

(Ba1-xKx)Fe2As2 

(Tc
opt ~ 38 K) 

SC 

Parent compound 

BaFe2As2 

(AF Metal) 

Superconductivity in BaFe2As2 systems 

BaFe2(As1-xPx)2 

SC 

S. Jiang et al. JPCM (09) 

200

150

100

50

0
1.00.80.60.40.20

x

Tc

 

Non-FL

T
 (

K
) 

BaFe2(As1-xPx)2 

Ts~TN 

AFM 

SC 

Ba(Fe1-xCox)2As2  

(Tc
opt ~ 24 K) 

electron-doping 

x [Co] 



Doping evolution of the transport property 

rxx(T)∝Ta 
a 

T2-dependence at x=0.71 

Fermi-liquid behavior 

T-linear resistivity at x=0.33 just 

beyond  SDW end point (xc=0.3 ) 

Hallmark of non-Fermi liquid S. Kasahara et al., PRL (10) 

See also  

      S. Sachdev and B. Keimer, Physics Today (11) 

BaFe2(As1-xPx)2 
BaFe2(As1-xPx)2 

FL 

QCP ? 

Quantum critical 

region?? 



Effective mass m* is strongly enhanced 

Fermi temperature  TF=heF/m*kB tends to zero 

As x is tuned towards the maximum Tc,  

BaFe2(As1-xPx)2 a 

BF kmeFT */

Fermi temperature 

Effective mass m* 

dHvA 

H.Shishido, Y.M. et al. PRL (09) 

vF (106 m/s) 

BF kmeFT */

BaFe2(As1-xPx)2 

P. Walmsley, Y.M. et al. PRL(13) 

r=r 0+AT n 
rxx(T)∝Ta 

a 

b 

QCP ? 

Fermi surface and mass renormalization 

a 



 ~(p,p) 

q  goes to zero at x~0.3 

Y. Nakai et al. PRL (10) 

Ba(Fe1-xCox)2As2  F.L. Ning et al. PRL (10) 

Doping evolution of the magnetic fluctuations (31P NMR) 

Kspin 

q  0 

q  0 

x 

q :  Weiss temperature 

  1 

T1T 
= a + 

T+q 

b 

BaFe2(As1-xPx)2 

QCP? 

The magnetic characters can be tuned by x without doping carrier. 

1/T1T 

Dynamical susceptibility diverse at T=0 K.  



Effective mass m* is 

strongly enhanced 

As x is tuned towards the 

maximum Tc at x=0.30 

Doping evolution of normal electrons 

dHvA 

Specific heat 

Weiss temperature 

goes to zero 

Hallmark of non-Fermi 

liquid behavior 

Resistivity 

NMR 

10

8

6

4

2

0

m
*
/m

b

0.60.40.20
x

200

150

100

50

0

T
 (

K
)

Ts

 

2.01.81.61.41.21.0

n

Tc

 

TN

 
 

rxx(T)∝Ta 

FL 

nFL 

dHvA 

C 
|q | (NMR) 

QCP ? 

FL 

a 



London penetration depth L is the quantity that can 

probe the electronic structure at zero temperature limit.  
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Doping evolution of the London penetration depth at T=0 

QCP at x=0.3 
BaFe2(As1-xPx)2 

Quantum critical fluctuations of the 

superfluid response 

(2nd order quantum phase transition) 

Striking enhancement of L
2(0) on approaching x=0.3 from either side. 

The data represents the behavior at the zero temperature limit. 

A. Levchenko et al. PRL (13) 

T. Nomoto and H. Ikeda, arXiv 
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D.Chowdhury, B. Swingle, E. Berg, and S. Sachdev 

K. Hashimoto et al., PNAS (13). 
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What lies beneath the SC dome? 

QCP hidden in the SC dome has been highly controversial 
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 QCP lies beneath the superconducting dome  

Enhancement of normal electron mass  

Vanishing of Weiss temperature 

Hallmark of non-Fermi liquid behavior 

Striking enhancement of  

superfluid mass 

T. Shibauchi, A. Carrington and Y. M.,  Annu. Rev. Condens. Matter Phys. 5, 113 (14) 

S. Kasahara, Y.M. et al. PRB (10) 

H. Shishido, Y.M. et al. PRL (10), P. Walmsley, Y.M. et al. PRL(13) 

Y. Nakai et al. PRL (10) 

K. Hashimoto, Y.M. et al. Science (12), PNAS (13) 

Disorder moves the QCP toward left: close link between the QCP and SC 

 

QCP lies beneath the dome 



0 
0 

0.2 0.4 0.6 

50 

100 

x 

T
 (

 K
 )

 

Tc 

i) Is the high-Tc superconductivity faCompeting 

orders (two distinct different SC phases) 

ii) the non-Fermi liquid behavior is associated with finite temperature 

quantum region linked to the QCP 

vored at a QCP characterized by a transition 
between different phases at absolute zero-
temperature 

QCP at x=0.3 

Fermi 

liquid 

Magnetic  

order 

Control parameter 

T
e
m

p
e
ra

tu
re

 

SC 

Quantum 

critical  

region 

QCP 

SC1 
SC2 

2nd order transition 
SDW 

TN 

TS 

Tc 
SC SC2 1 

QCP 

Tetracritical 

point 

BaFe2(As1-xPx)2 

QCP lies beneath the dome 

1. The QCP is the origin of the non-Fermi liquid behavior above Tc. 

 

2. Microscopic coexistence of superconductivity and SDW. 

 

3. The quantum critical fluctuations help to enhance the high-Tc  

     superconductivity. 

 

• The QCP is the origin of the non-Fermi liquid behavior above Tc. 

• Unconventional superconductivity coexists with a spin density wave 

antiferromagnetism 

on a microscopic level. 

• The quantum critical fluctuations help to enhance the high-Tc 

superconductivity. 
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A. Levchenko, M. G. Vavilov, M. Khodas, and A. V. Chubukov,  PRL (13) 

T. Nomoto and H. Ikeda, PRL (13) 

1) Mass renormalization of superfluid by critical   

    magnetic fluctuations 

D.Chowdhury, B. Swingle, E. Berg, and S. Sachdev, PRL (13) 

2) SDW fluctuations + nematic order 

Singularity of the London penetration depth at QCP 
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Doping evolution of the London penetration depth at T=0 
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1. The QCP is the origin of the non-Fermi liquid behavior above Tc. 

 

2. Microscopic coexistence of superconductivity and SDW. 

 

3. The quantum critical fluctuations help to enhance the high-Tc  

     superconductivity. 

 

• The QCP is the origin of the non-Fermi liquid behavior above Tc. 

• Unconventional superconductivity coexists with a spin density wave 

antiferromagnetism 

on a microscopic level. 

• The quantum critical fluctuations help to enhance the high-Tc 

superconductivity. 


