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". . . To encourage the growth of any science,

the best thing we can do is to meet together in its 
interest to discuss its problems to criticize eachinterest, to discuss its problems, to criticize each 
other's work and, best of all, to provide means by 
which the better portion of it may be made known 
to the world. . . .“

Henry A. Rowland, the first president of the 
American Physical Society



Superconductivity at Dawn of the Iron AgeSuperconductivity at Dawn of the Iron Age
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Johns Hopkins

o o
o $ 100 question: What is the theory of iron-pnictides ?

Princeton

o Iron Pnictides – Semimetals turned Superconductors
P i i  t t  i  F A (PCAR  ARPES   STM  NMR  )

o $ 1,000,000,000 question: o LDA + RPA: Mazin, Kuroki et al, Scalapino et al, Schmalian et al, …

o Weak coupling++: Chubukov et al, DH Lee, Vishwanath et al, Cvetkovic et al, …
o Pairing state in FeAs (PCAR, ARPES, μw, STM, NMR, …)
o “Minimal” Model of FeAs planes – Different from CuO2!!
o Multiband Magnetism and Superconductivity in FeAsHow to make a 100 K iron-based     

superconductor ?

o Mott limit: Si & Abrahams, Phillips et al, Sachdev et al, Kivelson et al, Zaanen & 
Sawatzky et al, Hu, Bernevig et al, Dagotto et al, …

Assorted insights: Haule & Kotliar  PA Lee & Wen  Raghu  SC Zhang  et al  Nagaosa 

Summer Blockbuster of 2008 Summer Blockbuster of 2008 

superconductor ?o Assorted insights: Haule & Kotliar, PA Lee & Wen, Raghu, SC Zhang, et al, Nagaosa 
& Ng, Gor’kov et al, Hirschfeld et al, FC Zhang & Rice, Castellani et al, …

10/9/2009

Summer Blockbuster of 2008 Summer Blockbuster of 2008 



What is superconductivity ?What is superconductivity ?
Heike Kamerlingh Onnes, Nov 1911He ke Kamerl ngh Onnes, Nov 9



What is superconductivity ?What is superconductivity ?
Meissner Ochsenfeld effect  1933

Superconductors are 
perfect diamagnets

Meissner-Ochsenfeld effect, 1933

Heinz & Fritz London, 1935

Ginzburg-Landau theory, 1950-57

GL theory explained much of 

Ogg pairs, 1945
were real space

GL theory explained much of 
superconducting phenomenology, 
including Meissner effect. GL leads
Abrikosov to theory of type-II SC

Bardeen-Cooper-Schrieffer (BCS) theory, 1957

were real-space
“molecules” that
underwent  Bose-Einstein condensation

BCS introduce quantum mechanical
wavefunction that captures the 
microscopic essence of superconductivity 



What is superconductivity good for ?What is superconductivity good for ?

MRI medical imaging

LHC magnets Cell phone base stations

Energy transmission & storage
Maglev trains

ORMES - Orbitally Rearranged Monatomic Elements
Superconductivity and Modern Alchemy

Has the Philosopher's Stone Been Found?

Pursuit of happiness   

Compact superquiet EM motors

Standard model 
(Anderson-Higgs) “Negative” gravity (Physics Fair)



Superconductors Superconductors Hg  Hg  NbNb33Ge  Ge  cupratescuprates pnictidespnictides

Fe-pnictides

Cu-oxides

Nb3Ge

Spring 2008

P. Canfield, Scientific American

time

Greatest web-induced frenzy in
history of condensed matter physics:y p y
17 papers on arXiv in a single July ‘08 
day. Comparable to the latest superstring 
“revolution” (Bagger-Lambert)



Pnictides          (Greek for chocking, suffocation):Pnictides          (Greek for chocking, suffocation):
Semiconductors  Semiconductors  Semimetals  Semimetals  Superconductors Superconductors 

Pnictides – elements from Group V of Periodic Table:m f m p f
nitrogen, phosphorus, arsenic, antimony and bismuth 

III-V Semiconductors – formed by elements from Groups 
III and V: aluminium phosphide, aluminium arsenide, 
l i i  i id  lli  h hid  lli  id  aluminium antimonide, gallium phosphide, gallium arsenide, 

gallium antimonide, indium phosphide, indium arsenide and 
indium antimonide plus numerous ternary and quaternary 
semiconductors. 



FeFe--pnictidespnictides:  :  Semimetals  Semimetals  Superconductors Superconductors 
May 2006

Hideo Hosono, TITech
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courtesy of J. Hoffman 
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CuCu--oxides versus Feoxides versus Fe--pnictidespnictides

Fe
As

ORE

1111 122
122

However, there are also 
many differences! This y
may add up to new and 
interesting physics



Key Difference: 9 versus 6 dKey Difference: 9 versus 6 d--electronselectrons
ZT, Physics 2, 60 (2009)

In CuO2 a single hole in a filled 3d orbital shell

A suitable single band model might work

In FeAs large and even number of d-holesg

A multiband model is likely necessary



CuCu--oxides:  oxides:  Mott Insulators  Mott Insulators  Superconductors Superconductors 

Only when doped with 
holes (or electrons) do 
cuprates turn into 

U

cuprates turn nto 
superconductors

Phase diagram of Cu-oxides

How Mott insulators turn into 
superconductors, particularly in 
the pseudogap region  remains one the pseudogap region, remains one 
of great intellectual challenges of 
condensed matter physics



FeFe--pnictidespnictides:  :  Semimetals  Semimetals  Superconductors Superconductors 

In contrast to CuO2, all d-
bands in FeAs are either 
nearly empty (electrons) or 
nearly full (holes) and far 
from being half-filled  This from being half-filled. This 
makes it easier for electrons 
(holes) to avoid each other.

FeAs are less      
correlated than CuO2
(correlations are still 
important !! )



C. de la Cruz, et al., Nature 453, 899 (2008)

Phase diagram of FePhase diagram of Fe--pnictidespnictides

Like CuO2, phase diagram 
of FeAs has SDW (AF) in 
proximity to the SC state.

H. Chen, et al., arXiv/0807.3950

SC coexists with SDW 
S F A O F(AF) in 122 compounds   SmFeAsO1-xFx

t (SDW)

However, unlike CuO2, 
all regions of FeAs

parent (SDW)

SC
x = 0.0

all regions of FeAs
phase diagram are 
(bad) metals !! 

x = 0.18

T. Y. Chen, et al..



ARPES  +                dHvA

C. Liu, et al., arxiv/0806.21471111

122

1111
A. I. Coldea,  et al., arxiv/0807.4890

ARPES and dHvA see coherent (metallic) 
bands in rough agreement with LDA.L. X. Yang, et al., arxiv/0806.2627

122



Minimal Model of Minimal Model of FeAsFeAs Layers ILayers I
V. Cvetkovic and ZT, EPL 85, 37002 (2009)

“P k i ” f F A l  i  ti l“Puckering” of FeAs planes is essential:
i) All d-orbitals are near EF
ii) Large overlap with As p-orbitals below EF

enhanced itinerancy of d electronsenhanced itinerancy of d electrons
defeats Hund’s rule and large local moment



Minimal Model of Minimal Model of FeAsFeAs Layers IILayers II

We consider an effective  2D model with 5 Fe + 3 As orbitals

Two orbital model (S. Raghu, et al, PRB 77, 220503R (2008)) 
reconstructs the FS shape but not its orbital content

dxz dyz dxy dxx-yy d2zz-xx-yy

odd parity even parity

The importance of Fe 3d – As 4p 

Γ

The importance of Fe 3d – As 4p 
hybridization:

Without pnictide atoms many hopping
processes would vanish by symmetry

M

processes would vanish by symmetry.

These symmetries are violated by
pnictide puckering.



Hund’s Rule DefeatedHund’s Rule Defeated
Hund’s rule rules for Mn2+ : Y. Singh et al., arXiv/0907.4094 (MnAs)Hund s rule rules for Mn :
all five d-electrons line up to minimize 
Coulomb repulsion     S = 5/2

“Puckering” of FeAs planes is essential:
i) All d-orbitals are near EF
ii) Large overlap with As p-orbitals below EFii) Large overlap with As p orbitals below EF

enhanced itinerancy of d electrons
defeats Hund’s rule and large local moment

Haule, Shim and Kotliar, PRL 100, 226402 (2008)



Minimal Model of Minimal Model of FeAsFeAs Layers IIILayers III
V. Cvetkovic and ZT, EPL 85, 37002 (2009);  
arXiv/0804.4678

Important: Near EF e and h bands contain 
significant admixture of all five Wannier d-g
orbitals, dxz and dyz of odd parity (in FeAs 
plane) and the remaining three d-orbitals of 
even parity in FeAs plane   



Nesting and Valley DensityNesting and Valley Density--Wave (VDW) in FeWave (VDW) in Fe--pnictidespnictides I I 
V. Cvetkovic and ZT, EPL 85, 37002 (2009);  
arXiv/0804.4678
V. Cvetkovic and ZT, PRB 80, 024512 (2009); 
arXiv/0808.3742

Turning on moderate interactions          
VDW = itinerant multiband CDW (structural), VDW  itinerant multiband CDW (structural), 
SDW (AF) and orbital orders at q = M = (π,π)

d εd

μ

d

c

εd

Semiconductor Semimetal

c εc
SDW, CDW, ODW or 

combinations thereof VDW



Nesting and Valley DensityNesting and Valley Density--Wave (VDW) in FeWave (VDW) in Fe--pnictidespnictides II II 

d

c



Fictitious “Superconductor” Fictitious “Superconductor” VDW in FeVDW in Fe--pnictidespnictides

??

What about real superconductivity ? (. . .) 



Pairing Gap Pairing Gap ∆∆ -- Coastline of the Fermi SeaCoastline of the Fermi Sea

+

Fermi seaFermi sea

-

+
 E  

Fermi sea --
New REOFeAs SC
Tc ∼ 57 K

+



What can What can ΔΔ tell us about superconducting state ? tell us about superconducting state ? 

electrons

virtual
phonons

Cooper pair size

Standard BCS theory works well in materials like Nb  

oop r pa r s z
= coherence length ξ

Standard BCS theory works well in materials like Nb, 
Sn or Hg. In Pb and more complex systems (Nb3Ge)
one needs “strong coupling” theory (2Δ/Tc ∼ 4-6 )



What can What can ΔΔ tell us about superconducting state ? tell us about superconducting state ? 

+

Fermi sea --

+

Results for FeAs mostly appear 
inconsistent with these features



Andreev spectroscopy ΔΔ in in FeAsFeAs superconductors Isuperconductors I
T. Y. Chen et al., Nature 453, 1224 (2008) 

sBTK analysis   
2Δ = 13 34 ± 0 3 meVs2Δ = 13.34 ± 0.3 meV
TC = 42 K

Conclusions: Nodeless superconducting gap Conclusions: Nodeless superconducting gap 
and no pseudogap behavior. Very different 
from high Tc cuprate superconductors !!



ΔΔ in in FeAsFeAs superconductors IIsuperconductors II
T. Y. Chen et al., Nature 453, 1224 (2008) 

Conclusions: Conventional phonon mechanism is 

Only a “single” superconducting gap – sign/phase 
could be different for holes and electrons.

Conclusions: Conventional phonon-mechanism is 
unlikely but so is Mott limit-induced repulsion of 
the cuprate d-wave kind. We have something new !! 



NMR sees

Emerging consensus (PCAR, ARPES, STM, Emerging consensus (PCAR, ARPES, STM, μμw, SQUID, …):w, SQUID, …):
nodelessnodeless “single” “single” ∆∆ in 1111, “two” in 1111, “two” ∆∆’s in 122, nodes in lower ’s in 122, nodes in lower TTcc SC ??SC ??

   l  / NMR sees
nodal behavior 
(∼ T2 ) in 1111

H. Ding, et al., arxiv/0807.0419

122
1111

L. Wray, et al., PRB 78 184508 (2008), 

C  Liu  et al  arxiv/0806 2147

1111

122

C. Liu, et al., arxiv/0806.2147

1111

1111
K. Hashimoto, et al., PRL 102 017002 (2009), 

Multiband superconductivity
in Fe-pnictides !?

1111

122R. T. Gordon et al., arxiv/0810.2295

C. Hicks, et al., arxiv/0903.5260



Josephson Effect Between Josephson Effect Between FeAsFeAs and and PbPb
X  Zhang et al  PRL 102  147002 (2009)X. Zhang et al., PRL 102, 147002 (2009)
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Strong indication of 
s-wave like SC state



Minimal Model of Minimal Model of FeAsFeAs Layers IVLayers IV

h1
h2

e1

FeAs are different from CuO2

Charge carriers are more itinerant and less localized on Charge carriers are more itinerant and less localized on 
atomic sites. Multiband description is necessary, unlike 
an effective single band model of cuprates



Interactions in Interactions in FeAsFeAs II



Interactions in Interactions in FeAsFeAs IIII
V. Cvetkovic and ZT, PRB 80, 024512 (2009); 
arXiv/0808 3742

h1 h2 e1

arXiv/0808.3742

e-h

Typically, we find Ws is dominant   
Valley density-wave(s) (VDW) in FeAs

These “Josephson” terms do not appear  in fictitious 
superconductor analogy  Could they cause real SC ?



Hierarchy of Energy Scales U, W >> Hierarchy of Energy Scales U, W >> GG11, , GG22
Unified Model of Valley DensityUnified Model of Valley Density--Wave (VDW)  Wave (VDW)  Unified model N = 4  SU(4)XSU(4)

V. Cvetkovic and ZT, arXiv/0808.3742

D. K. Pratt, et al., 
arxiv/0903.2833

TS (K) TN (K) mord (μB)

LaFeAsO 155 137 0.36

CeFeAsO 155 140 0.83

PrFeAsO 153 127 0.48

NdFeAsO 150 141 0.9

CaFeAsF 134 114 0.49

SrFeAsF 175 120

CaFe2As2 173 173 0.8

SrFe2As2 220 220 0.94-1.0

BaFe As 140 140 0 9BaFe2As2 140 140 0.9

VDW in Fe-pnictides 
is a (nearly) highly (   ) is a (nearly) highly 
symmetric combination: 
SDW/CDW/ODW

(. . .) 



Valley DensityValley Density--Wave (VDW) and SC in Wave (VDW) and SC in FeAsFeAs I I 

Outcome: combined SDW/CDW/ODWOutcome: combined SDW/CDW/ODW
and structural  orders at q = M  VDW

“Josephson” terms in k-space 
VDW  SC

Near VDW transition VDW fluctuations 

Josephson  terms in k space 
break U(4)XU(4) symmetry to 
U(1)XSU(2) and play key role in 
SC     it’s all in the (L)Near VDW transition VDW fluctuations 

enhance interband “Josephson” repulsion.  
SC state with ∆ (holes) and -∆ (electrons).

( )



Valley DensityValley Density--Wave (VDW) and SC in Wave (VDW) and SC in FeAsFeAs II II 
V. Stanev, J. Kang, ZT, PRB 78, 184509 (2008)

The condition for interband SC is actually milder: 

b t but 

– Inter (intra) band energy scales

RG calculations indicate, near a VDW state: 

In Fe-pnictides interband superconductivity (s’ or s+- state) 
V. Cvetkovic and ZT, arXiv/0804.4678; A. V. Chubukov et al, PRB 78, 134512 (2008)

In Fe pnictides interband superconductivity (s  or s state) 
is a strong possibility (perhaps with little help from phonons)

I. I. Mazin et al., PRL  101, 057003 (2008); M. Parish, J. Hu, and B. A. Bernevig, PRB 78, 144514 (2008)



Two Kinds of Two Kinds of InterbandInterband SuperconductivitySuperconductivity
d V. Stanev, J. Kang, ZT, PRB 78, 184509 (2008)

ZT, Physics 2, 60 (2009)

Interband pairing acts like Josephson coupling in k-space. 
If G2 is repulsive antibound Cooper pairs (s’SC)

M

ZT, Physics 2, 60 (2009)

Mc

T A i b d SC  Type B (intrinsic) interband SC: Type-A interband SC: 

FS

Type-B (intrinsic) interband SC: 

c d

FS

sSC
G2

FS

c d

FS
s’SCsSC

s’SC
G2



Unified model N = 2  SU(2)XSU(2)
V. Cvetkovic and ZT, arXiv/0808.3742

Interactions in Interactions in FeAsFeAs III III 
V. Cvetkovic and ZT, arXiv/0808.3742

If  G1 , G2 <<  U, W 

relevant vertices: U, W, & G2



RG (  VDW)  

Interplay of VDW and SC in Interplay of VDW and SC in FeAsFeAs I I 

RG (near VDW): 

Proximity to VDW is crucial:

This is true interband SC 
since U > 0 – differentsince U > 0 – different
from U < 0 :



RG fl   (  VDW)  

Interplay of VDW and SC in Interplay of VDW and SC in FeAsFeAs II II 
V. Cvetkovic and ZT, PRB 80, 024512 (2009); 
arXiv/0808.3742

RG flows  (near VDW): 

Also, A. V. Chubukov et al, PRB 78, 134512 (2008)
F, Wang et al, PRL 102, 047005 (2009)

In Fe pnictides interband superconductivity (s’ or s+ state) is a strong In Fe-pnictides interband superconductivity (s  or s+- state) is a strong 
possibility but it is a fine tuning with SDW/CDW/ODW (little help from 
phonons in reducing U* would not hurt)



ConclusionsConclusions
Johns Hopkins

o Iron pnictides are semimetals turned superconductors

Princeton

p p

o Correlations are significant, hence a SDW in parent 
compounds, but weaker than in cupratesp p

o Superconducting gap has substantial s-wave character

o Both magnetism and superconductivity are intrinsically 
multiband in nature – s’ interband SC is a likely 
possibility near a nesting-driven SDW 

new physics, beyond the “standard” model?new physics, beyond the “standard” model?

Zlatko Tesanovic, Johns Hopkins University
E-mail:   zbt@pha.jhu.edu Web: http://www.pha.jhu.edu/~zbt


