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Review of FeReview of Fe--based superconductivitybased superconductivity
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Electronic structure/minimal band modelElectronic structure/minimal band model
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““contradictorycontradictory””
 

experimentsexperiments
••

 
Theory: spin fluctuation pairingTheory: spin fluctuation pairing

••
 

Disorder in generalized sDisorder in generalized s--statesstates
••

 
Theory of thermal conductivityTheory of thermal conductivity

••
 


 

higher Tc?higher Tc?



LOFFA under pressure: Tc

 

=43K 
(Takahashi et al Nature 453 376 (2008))

also:
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TcTc=55K=55K,,
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c=8.4287Ac=8.4287A
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OO
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FeFeAs   As   c)c) TcTc=52K=52K,,

 
cm/cm/0803.42830803.4283
a=3.985Aa=3.985A, , 
c=8.595Ac=8.595A

CeCeFF
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OO
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FeFeAs   As   b)b) TcTc=41 K=41 K,,

 
cm/0803.3790 cm/0803.3790 
a=3.996Aa=3.996A, , 
c=8.648Ac=8.648A

LaLaFF

 

xx

 

OO
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FeFeAs   As   a)a) TcTc=26 K=26 K, , 
JACSJACS--20082008
a=4.036Aa=4.036A, , 
c=8.739c=8.739

 

AA

LaLa

 

11--xx

 

SrSr

 

xx

 

OOFeFeAsAs TcTc=25K=25K,,

 
cm/0803.3021, cm/0803.3021, 
a=4.035Aa=4.035A, , 
cc

 

= 8.771A= 8.771A
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a)

 

Y. Kamihara

 

et.al., Tokyo, JACS
b)

 

X.H. Chen, et.al., Beijing,arXiv: 0803.3790
c)

 

Zhi-An Ren, Beijing, arXiv: 0803.4283
d)

 

Zhi-An Ren, Beijing, arXiv: 0804.2053. 

First family of First family of ferropnictide SCferropnictide SC

Rare earths:



1111 vs. 122 vs. 111 vs. 11 materials1111 vs. 122 vs. 111 vs. 11 materials

•• Rotter et al. Rotter et al. 
arXiv: PRL (2008)arXiv: PRL (2008)

••

 

Ni et al Phys. Rev. B 2008Ni et al Phys. Rev. B 2008

 
(single xtals)

•• Kamihara et alKamihara et al
JACS (2008)JACS (2008)
••Ren et alRen et al
Chin. Phys. Lett. Chin. Phys. Lett. 
(2008)(2008)

Wang et al Wang et al 
arXiv: arXiv: 0806.4688 0806.4688 

Tc

 

=18KTc

 

=38KTc

 

=28K
(55K for Sm)

Tc

 

=8K

Hsu et alHsu et al
arXiv:0807.2369 arXiv:0807.2369 

No arsenic !



Electronic structure calculationsElectronic structure calculations
LOFP Lebegue 2007 TLebegue 2007 T

 

cc

 

=6K=6K LOFA Singh & Du 2008 TSingh & Du 2008 T

 

cc

 

=28K=28K

Band structures for 2 materials nearly identical!
Hole pocket near , electron pocket near M

What accounts for factor 5 difference in Tc

 

?



Further conclusions of electronic structure Further conclusions of electronic structure 
calculations: ecalculations: e--ph coupling is ph coupling is weakweak

Singh & Du PRL 2008

Mazin et al, PRL 2008, see also Mu et al CPL (2008), Boeri et al. PRL 2008



Understanding electronic structureUnderstanding electronic structure

Band structure – Fe-As-Fe vs. Fe-Fe unit cell

Real unit cell consists of 2 Fe and 2 As atoms, but due to the high 
degeneracy of the two As positions it is convenient to look at an effective
unit cell with only 1 Fe and 1 As atom 

Fe-As-Fe cell
„real“

 

unit cell
Fe-Fe cell

„effective“

 

unit cell



Fe-As-Fe vs. Fe-Fe unit cell

As DOS at Fermi level negligible: use „effective“

 

Fe-Fe cell.

Advantage: We can write down an effective 5 band Fe-Fe model Hamiltonian

Understanding electronic structureUnderstanding electronic structure

Total DOS

LaO

Fe 3d

As 4p



Assumption (many authors): Most important inter-

 

and intra-orbital hopping 
between the Fe dxz and dyz orbitals mediated by As px and py orbitals

(-,-) (,-)(0,-)

(,)

(,0)

Band structure
FS sheets

Band structure Band structure –– TwoTwo--band approximationband approximation

BUT:

 

There should be no FS sheet around (,) in the extended „effective“

 
BZ, instead both 

 

FS sheets should be around (0,0)


 

2-band models can produce right folded FS topology, but wrong band

 
character, Fermi velocities, ....



Band structure Band structure ––
 

Five band modelFive band model
Fit to

 

Cao et alCao et al PRB PRB 77, 22050677, 220506

 

(2008)(2008)

 

see also

 

Kuroki etKuroki et alal PRL PRL 101101, 087004 (2008), 087004 (2008)
Graser et al.Graser et al. NJP 2009NJP 2009



Notes on 122 materialsNotes on 122 materials

Rotter Rotter et al. et al. Ang. Chem., Ang. Chem., 47 47 7949 (2008)7949 (2008) Kreyssig Kreyssig et al. et al. PRB PRB 7878, 184517 (2008), 184517 (2008)

•• TT

 

cc

 

up to 38 Kup to 38 K
•• good crystals which cleave wellgood crystals which cleave well——ARPES, STMARPES, STM
•• dope with K or Co, or apply pressure to obtain superconductivitdope with K or Co, or apply pressure to obtain superconductivityy
•• properties are more 3D than 1111 materialsproperties are more 3D than 1111 materials

SC

CeFe2 As2



Parent compounds are ordered antiferromagnetsParent compounds are ordered antiferromagnets

Cao et al. Phys. Rev. B 77, 220506 (2008)Cao et al. Phys. Rev. B 77, 220506 (2008)

State with AF order is ~40meV lower
in energy than paramagnetic state. 

But linear SDW state (Dong et al EPL (Dong et al EPL 
2008)2008)

 

~100meV lower!

Both magnetic states found by LDA have 
~2B

 

ordered staggered moment.
(exception: Yildrim PRL 2008)

Fe

AF

“collinear SDW”

X



Weak coupling perspective: nesting of FS and susceptibilityWeak coupling perspective: nesting of FS and susceptibility

Dong et al. EPL 2008Dong et al. EPL 2008

Simple picture put forward by Dong et al:

Small peak in x due to near nesting of FS sheets
drives magnetic instability.  Doping destroys nesting,
kills SDW.  Nesting vector is Q=

 

in correct BZ,
(or Q =,0 in effective BZ).

Nesting feature and concomittant susceptibility
peak are driving forces for  a spin-fluctuation 

pairing mechanism in several theories.



Neutron scattering verifies collinear SDW stateNeutron scattering verifies collinear SDW state
de la Cruz et al Nature 453, 899 (2008)de la Cruz et al Nature 453, 899 (2008)

But size of ordered moment is only 0.36 B

 

(others larger)!



--
 

Magnetic order tied to structural phase transitionMagnetic order tied to structural phase transition
 --

 
possible coexistence with superconductivitypossible coexistence with superconductivity

structural transition

magnetic 
transition

Zhao et al arXiv:0806.2528 

D.K. Pratt et al, aXv 0903.2833



Controversy: symmetry of order parameter?Controversy: symmetry of order parameter?
••

 
Early measurements on powdered LOFFA supported low Early measurements on powdered LOFFA supported low 
energy excitations, Andreev surface states, NMR Tenergy excitations, Andreev surface states, NMR T

 
11

 

~T~T33

 


 nodes.nodes.

••
 

Some penetration depth measurements, ARPES suggest Some penetration depth measurements, ARPES suggest 
isotropic gapisotropic gap

••
 

RecallRecall
 

situation in cuprate field early 90situation in cuprate field early 90’’s: lack of s: lack of 
understanding of disorder effects,  lack of low T data led to understanding of disorder effects,  lack of low T data led to 
wrong conclusionswrong conclusions



Cuprates

(1-band)



Pnictides??

(1-band)



Pnictides??

(1-band)

“ “



Order parameter (k) shape in A1g

 

representations—1 band
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Nodal excitations dominate low T properties
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Linear DOS from line nodesLinear DOS from line nodes
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Early evidence for nodes 1: Andreev pt contact spectroscopyEarly evidence for nodes 1: Andreev pt contact spectroscopy
 Shan et al EPL 2008Shan et al EPL 2008

(similar to d-wave)

BTK theory

expt

LOFFALOFFA



Early evidenceEarly evidence
 

for nodes II: Volovik effectfor nodes II: Volovik effect
 Mu et alMu et al

 
Chin.Phys.Lett. (2008)Chin.Phys.Lett. (2008)

LOFFALOFFA



Early evidenceEarly evidence
 

for nodes III: NMRfor nodes III: NMR

Grafe et al PRL (2008)Grafe et al PRL (2008) Nakai et al. JPSJ (2008) Nakai et al. JPSJ (2008) 

line nodes

 

 N()~

 

 T 3 !

LOFFALOFFA

PH et al 1988PH et al 1988

~T3



NMR on KNMR on K--doped Badoped Ba--122122

Yashima et al arXiv:0905.1896



Early penetration depth experiments reported Early penetration depth experiments reported exponentialexponential (T) (T) 
((

 
full gap)full gap)

Malone et al  Phys. Rev. B 2009Malone et al  Phys. Rev. B 2009

Sm-1111
“SOFFA”

Caution:

 

magnetism of rare earth ions



Other pen. depth experimentsOther pen. depth experiments

( )fd N  

    

( )N  

2
0( )N N a 

Gordon et al 2008  Gordon et al 2008  BaBa11--xx

 

CoCoxx

 

FeFe22

 

AsAs2 2 TTc,maxc,max

 

=38K=38K

Fletcher et al 2008  Fletcher et al 2008  LaFePO TLaFePO Tcc

 

=6K=6K

Recall Recall and forand for
dirtydirty

cleanclean
nodal SCnodal SC

2T dirty
T clean




 


soso



Resonant mode in inelastic neutron scatteringResonant mode in inelastic neutron scattering

Reminder: cuprates: Reminder: cuprates: Fong et al PRB 2000Fong et al PRB 2000

BaBa

 

0.60.6

 

KK

 

0.40.4

 

FeFe

 

22

 

AsAs

 

22

 

: : Christianson et al aXv:0807.3932Christianson et al aXv:0807.3932

50K50K

7K7K

In BaIn Ba--122 resonance observed near Q=122 resonance observed near Q=folded BZ)folded BZ)

Appears only in SC state (like opt. doped cuprates)Appears only in SC state (like opt. doped cuprates)

In 1In 1--band models band models 

 



 

k+Qk+Q

 

= = --

 



 

k k ””unconventionalunconventional””



Neutron response/resonant mode IINeutron response/resonant mode II
Inosov et al arXiv:0907.3632



Thermal conductivity (H=0)Thermal conductivity (H=0)

LaFePO: Yamashita et al aXv:0906.0622

Big linear T term

K-doped Ba-122: Luo

 

et al aXv:0904.4049

Tiny or zero linear T term

Recall

 

in theory of nodal SC linear T term 

 

residual qp excitations (metallic-like)
for d-wave superconductor this term is “universal”

 

~N0

 

vF
2/0

(bulk probe, lowest temperatures thus far)



Thermal conductivity (H>0)Thermal conductivity (H>0)
LaFePO: Yamashita et al aXv:0906.0622 Co-doped Ba-122: Tanatar

 

et al aXv:0904.4049



Hashimoto et al arXiv 0907.4399

Nodal superconductivity in 122 system!



ARPESARPES

H. Ding et.al., 
Europhys. Lett. 83, 47001 (2008).

Many ARPES measurements, none find 
highly anisotropic gap 

good nesting
Gap size

BaBa
 

0.60.6

 

KK
 

0.40.4

 

FeFe
 

22

 

AsAs
 

22



Effective interaction from spin-fluctuations (Berk-Schrieffer 1961)

Spin fluctuation theories of pairingSpin fluctuation theories of pairing

vF

t=0

e-ph
conv SC
retarded

ferro spin
fluct.
3He,…
retarded?



Effective interaction from spin-fluctuations (Berk-Schrieffer 1961)

Spin fluctuation theories of pairingSpin fluctuation theories of pairing

vF vF

t=0

vF

e-ph
conv SC
retarded

ferro spin
fluct.
3He,…
retarded?



Effective interaction from spin-fluctuations (Berk-Schrieffer 1961)

Spin fluctuation theories of pairingSpin fluctuation theories of pairing

vF vF vF

t=0 t=t1

vF vF

e-ph
conv SC
retarded

ferro spin
fluct.
3He,…
retarded?

timescales for response of pairing “glue”

 

not obviously different from particles in pair!



Effective interaction from spin-fluctuations (Berk(Berk--Schrieffer 1961)Schrieffer 1961)

Spin fluctuation theories of pairingSpin fluctuation theories of pairing
 S. Graser, T. Maier, PH & D.J. Scalapino NJP 2009S. Graser, T. Maier, PH & D.J. Scalapino NJP 2009



Early electronic structure calculations show e-ph

 

weak

Several calculations of spin-fluctuation pairing:

•• Kuroki et al PRL 2008Kuroki et al PRL 2008
•• Qi et al aXv:0804.4332Qi et al aXv:0804.4332
•• WenWen--Lee aXv:Lee aXv:0804.17390804.1739
•• Mazin et al PRL 2008 Mazin et al PRL 2008 
•• Zhang et al PRL 2008Zhang et al PRL 2008
•• Graser et al NJP 2009 Graser et al NJP 2009 

Spin fluctutation pairing theories in FeSpin fluctutation pairing theories in Fe--
 pnictidespnictides

H=H0 +Hint H0 =5-band tight-binding model

most general 2-body Hamiltonian with

 

intrasite

 

interactions only!

Graser et al

 

calculation starting point:

orbit



spin fluctuation pairing theories contspin fluctuation pairing theories cont’’dd

linearized gap equation has various eigenvectors g:

Which one wins? dimensionless pairing interaction for each pairing symmetry:

Kuroki et al (nodes)
Zhang et al (aniso)
Graser et al (nodes)

differences in: band differences in: band 
structure, effective structure, effective 
interaction, methodinteraction, method……??

Graser et al: start from generalized multiorbital susceptibility:

then define singlet and 
triplet pairing vertices



Graser et al:Graser et al:
 

The The ““winningwinning““
 

pairing functions for pairing functions for UU 
 

UUcc

Two  pairing channels appear to be nearlyTwo  pairing channels appear to be nearly
degenerate within this scheme: degenerate within this scheme: 

a)a)

 

Can different FeAs materials have different Can different FeAs materials have different 
symmetries?symmetries?

b)  New types of excitonic order parameter modes?b)  New types of excitonic order parameter modes?

““anisotropic extendedanisotropic extended--ss””--wavewave

U=1.73   J=0U=1.73   J=0

nearby: dxnearby: dx22

 

--yy22

U=1.78  J=U/2U=1.78  J=U/2

(x=0.125 e(x=0.125 e--doped)doped)

display gap display gap nodes!nodes!

see Maier & Scalapino 2009, W-C Lee et al 2009



Recall: d-wave in cuprates from antiferromagnetic spin fluctuations

~cos kx-cosky takes advantage of peak in spin fluctutuation interaction at !

( , )p p   

BCS:



Similar argument from

 

Mazin et al PRL 2008

 

for pnictides: 
consider only 

 

pair scattering

-

 

nesting peaks interaction Vs

 

at ,0 in 1-Fe zone.
-

 

interaction is constant over sheet since they are small.
-

 

therefore

 

isotropic sign-changing s+/-

 

state solves gap eqn



What is the origin of the gap anisotropy
 

[Maier et al PRB 09Maier et al PRB 09]?
1.

 

importance of orbital character on Fermi sheets
2.

 

scattering between 1

 

and 2

 

sheets
3.

 

intrasheet coulomb repulsion

Dong et al, Mazin et al 2008: 
orbital character neglected Graser et al 2009

RPA



Importance of orbital character on Fermi sheetsImportance of orbital character on Fermi sheets

orbital weight factors favor 
scattering within given orbital

k

k



Contributions to pairing strength Contributions to pairing strength 



Real space structure of anisotropic AReal space structure of anisotropic A
 

1g1g

 

statesstates

consistent with cos kx

 

+cos ky

 

+
higher harmonics



Distinguishing different signDistinguishing different sign--changing states by neutron resonance changing states by neutron resonance 

Maier et al 
PRB 2009

but



Distinguishing different signDistinguishing different sign--changing states by neutron resonance changing states by neutron resonance 

Maier et al 
PRB 2009

but

no incomm.
response!



Summary of spin fluctuation theory resultsSummary of spin fluctuation theory results

••
 

With apparently reasonable values of interaction With apparently reasonable values of interaction 
parameters, realistic SF theories give high enough parameters, realistic SF theories give high enough 
TTcc

••
 

ss--
 

and dand d--
 

pairing channels are nearly degeneratepairing channels are nearly degenerate
••

 
States appear to be anisotropic and may have States appear to be anisotropic and may have 
nodesnodes

 varying parameter may give gapped—nodal transition in s-wave state
 “

 

“

 

s-wave -> d-wave state
 disorder may cause nodal-gapped transition

Some experiments show nodes, others notSome experiments show nodes, others not——why?why?



Disorder: Can we reconcile (some) experiments on SC state?Disorder: Can we reconcile (some) experiments on SC state?

Reminder: how nonmagnetic  disorder affects  s-

 

and d-

 

wave SC



Disorder: Can we reconcile (some) experiments on SC state?Disorder: Can we reconcile (some) experiments on SC state?

Inter- and intraband impurity scattering in 2-band s+/-

 

system 

1 2

k k’
k’-k

+ -

1 2

k k’k’-k

+ -

Inter-

Intra-

mixes + and –
gaps, breaks pairs

no mixing of +/-
no pairbreakingk

k’
k’-k



Disorder: Can we reconcile (some) experiments on SC state?Disorder: Can we reconcile (some) experiments on SC state?

rs
-1

q



Normally expect rs

 

~ a for good metal, so   Vinter

 

< Vintra

intraband q ~ 0

interband q ~ a-1

H. YukawaH. Yukawa

Screened Coulomb potential: intraband should be bigger!





:



Disorder: Can we reconcile (some) experiments on SC state?Disorder: Can we reconcile (some) experiments on SC state?

if ( ) .T N const 

Parker et al PRB 2008
Chubukov

 

et.al., PRB 2008
Vorontsov et al

 

arXiv:0901.0719

s+/-

 

state has full spectral gap but state has full spectral gap but interbandinterband

 

scattering is pairbreaking scattering is pairbreaking (Muzikar 1990s)(Muzikar 1990s)
Implication: samples showing full gap are Implication: samples showing full gap are cleanclean; samples with low; samples with low--E states are E states are dirtydirty

~ if ( 0)T N const  

Scenario 1Scenario 1: isotropic s: isotropic s

 

+/+/--

 

state + interband impurity scattering state + interband impurity scattering lowlow--E power lawsE power laws



Some details: disorder in sSome details: disorder in s
 

+/+/--

 

statestate
Muzikar 1996, Golubov & Mazin 1997, Kontani et al 2008, 2009, 

Parker et al 2008, Chubukov et al 2008, Mishra et al 2009  

U11

U12

U12

 

N0  (interband)
U

11
N

0 
 (i

nt
ra

ba
nd

)

In isotropic s+/-

 

picture, scattering must be
carefully tuned to create qp states near Fermi 
level.  

If intraband >> interband as expected,
no such states are created 

Resonance energy /0



Reconciling contradictory experiments contReconciling contradictory experiments cont’’d.d.

recallrecall
Fletcher et al 2008  Fletcher et al 2008  LaFePO TLaFePO Tcc

 

=6K=6K
Mishra et al PRB 2009

Scenario 2Scenario 2: anisotropic states with : anisotropic states with intrabandintraband

 

scatteringscattering

~T 

 

nodes!

small-q scattering

intraband scattering averages

 

gap 
anisotropy, removes nodes!

clean

dirty

 

clean systems have nodes, dirty

 

ones full gaps!



Reminder: thermal conductivity in CoReminder: thermal conductivity in Co--122122
Co-doped Ba-122: Tanatar

 

et al aXv:0904.4049



Theory of thermal conductivityTheory of thermal conductivity
Mishra, Vorontsov, Vekther and PH  2009

2-band phenomenological calculation:

N
(

)



N
(

)


N

(
)





)



a) isotropic s+/- b) nodes c) deep minima




)








)





Theory of thermal conductivity contTheory of thermal conductivity cont’’dd

Both 
 

and 
 

are renormalized by disorder

2
0~ /FN v v In d-wave case as T0, =

 

and
~

(universal)

Q: what happens in 2-band A1g cases as T0?



Theory of thermal conductivity contTheory of thermal conductivity cont’’dd
isotropic =0.3Tc0 nodes

 

c=0.07 deep minima

 

c=0.07 

0.1

D
O

S
Th

er
m

al
 c

on
d/

T



Theory of thermal conductivity contTheory of thermal conductivity cont’’dd
b) Nodes

2
0~ /F vN v 

Same form as in d-wave case,
but v

 

is strongly disorder-dependent

breakdown of universality



Field dependence of thermal conductivity:Field dependence of thermal conductivity:
 BPT methodBPT method



Field dependence of thermal conductivity:Field dependence of thermal conductivity:
 resultsresults

Expt: LaFePO Yamashita et al Theory: nodes, pure intraband scatt only



Field dependence of thermal conductivity:Field dependence of thermal conductivity:
 results contresults cont’’dd

Expt: Co-doped Ba-122 Tanatar et al

Theory: deep gap minima

Field dependence with deep gap minima
not qualitatively different from nodes! 



Higher Tc? Systematics of THigher Tc? Systematics of T
 

cc
 

’’s and pair s and pair 
state in 1111state in 1111’’ss

H. Kuroki et al., Phys. Rev. B 79, 224511 (2009) 

Look at effective tight-binding
spin fluctuation models for
various 1111 materials



Higher Tc?Higher Tc?
 Kuroki et al. PRB Kuroki et al. PRB ‘‘0909

Tc, pair structure trends from band structure changes alone

Analogy: Tc

 

of 1-layer cuprates vs. apical oxygen height? (Pavarini et al 2001)



ConclusionsConclusions
••

 

Spin fluctuation calculations predict reasonable Tc, find dominaSpin fluctuation calculations predict reasonable Tc, find dominant A1gnt A1g
signsign--changing (schanging (s--wave) but nearby dwave) but nearby d--wave.  Can systems displaywave.  Can systems display
SC symmetry transitions as function of external parameter?SC symmetry transitions as function of external parameter?

••

 

challenge: explain apparently commensurate magnetic responsechallenge: explain apparently commensurate magnetic response

••

 

ss--wave is always highly anisotropic on electron sheets in theorywave is always highly anisotropic on electron sheets in theory

••

 

Hope: use such theories to predict Hope: use such theories to predict systematicssystematics of Tc within family of Tc within family (Kuroki)(Kuroki)

••

 

Order parameter symmetry controversial, expts. disagree.Order parameter symmetry controversial, expts. disagree.

A1g (nodes vs. no nodes?)  vs. B1g?A1g (nodes vs. no nodes?)  vs. B1g?

2 different scenarios which attempt to reconcile by account2 different scenarios which attempt to reconcile by accounting for disorder: ing for disorder: 
distinguish by systematic disorder experiments distinguish by systematic disorder experiments 

Belief: LFPO have nodes, some 122Belief: LFPO have nodes, some 122’’s have deep gap minima, whichs have deep gap minima, which
decrease with overdoping  (BaFedecrease with overdoping  (BaFe

 

22

 

(As,P)(As,P)

 

22

 

) ) more lowmore low--E qpE qp’’s.  Spoiler:s.  Spoiler:

 
ARPES?ARPES?



Assumption: Most important inter-

 

and intra-orbital hopping 
between the Fe dxz and dyz orbitals mediated by As px and py orbitals

Derivation of effective Fe-Fe hopping terms e.g. from the 
Slater-Koster table of directional dependent matrix elements:

Give the correct symmetry
Must be adjusted in size to give the correct FS sheets

Fe dxz orbitals

Fe dyz orbitals

t1

t2

t1

t2

t3 t4

-t4

x

z

dxz orbital

y

Band structure Band structure –– TwoTwo--band approximationband approximation



Electronic structure of 122 materials more 3DElectronic structure of 122 materials more 3D

As in phaseAs in phase As out of phaseAs out of phase

LaFeAsOLaFeAsO BaFeBaFe

 

22

 

AsAs

 

22

 

(PM)(PM) BaFeBaFe

 

22

 

AsAs

 

22

 

(SDW)(SDW) BaFeBaFe

 

22--xx

 

CoCo

 

xx

 

AsAs

 

22

 

(SDW)(SDW)

Kemper et al Kemper et al arXiv:0904.1257



PrehistoryPrehistory
••

 
Discovery of LaOFeP superconductor TDiscovery of LaOFeP superconductor Tcc

 

=3=3--6K 6K 
(Kamihara et al 2006)(Kamihara et al 2006)

••
 

Material is layeredMaterial is layered
••

 
Fermi surf.: 4 2D sheetsFermi surf.: 4 2D sheets

Lesbegue 2006



Discovery of Discovery of LOFFA
 

(LaO1−x
 

Fx
 

FeAs
 

))
 Kamihara et al JACS 2008Kamihara et al JACS 2008

TT

 
c,maxc,max

 

=26 K=26 K



Crystal Crystal Structure:TetragonalStructure:Tetragonal
 

I4/mmm (high T)I4/mmm (high T)

Fe,Ni

As,P
La,Sm,Ce
O•2D square lattice of Fe

•Fe -

 

magnetic moment
•As-similar then O in cuprates

R O1-x

 

Fx

 

FeAs
R O1-x

 

FeAs

But

 

As is not

 

in the plane!

Fe

As

Perfect tetrahedra

 

109.47°



Bulk probe of order parameter symmetry: Bulk probe of order parameter symmetry: 
specific heat oscillationsspecific heat oscillations

Vekhter et al PRB 1999

Deguchi et al PRL 2004Deguchi et al PRL 2004
(d-wave) 

e.g. Sr2

 

RuO4



Spec. Heat Oscillations contSpec. Heat Oscillations cont’’d d 

Anisotropic states proposed in early
FeAs papers

dx2-y2 dxy

ext. s gen
ext. s

px px

 

+ipy

Graser et al PRB Graser et al PRB 7777, 180514 (2008), 180514 (2008)



Neutron measurements on 122 single xtalsNeutron measurements on 122 single xtals

Zhao et al:Zhao et al:

 

0807.10770807.1077

• transitions at 200K in Sr-112
• structure 1st

 

order (few degrees
hysteresis, magn. 2nd

 

order
• alignment of spins along long (b) 

axis tells us something:

 J1

 

=nearest neighbor exchange
 J1

 

=J1
s

 

–J1
d

s=superexchange (As)
d=direct exchange

 Lattice distortion 

J1
s ~ 2

 

J1a
d ~ -J1b

d ~ 

 So direct exchange tuned by 
 structural change, locks spins to  
 point along a.



0 0.5 p p

0

0.5 p

p
l =0.003

0 0.5 p p

0

0.5 p

p
l =0.007

e.g., fit of C. Cao et al 
bandstructure with x=0
for U=1 

dxy symmetry without sign 
change between 1

 

and 2

dx2-y2 symmetry without sign 
change between 1

 

and 2

0 0.5 p p

0

0.5 p

p
l =0.015

dx2-y2 symmetry with sign 
change between 1

 

and 2

0 0.5 p p

0

0.5 p

p
l =0.013

extended

 

s-wave

0 0.5 p p

0

0.5 p

p
l =0.002

g-wave

55--band spin fluctuation pairing analysisband spin fluctuation pairing analysis
S. Graser, T. Maier, PH, D.J. Scalapino NJP 2008S. Graser, T. Maier, PH, D.J. Scalapino NJP 2008



Changes in Changes in λλii

 

as a function of as a function of UU
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Origin of order parameter Origin of order parameter 
anisotropy in spinanisotropy in spin--fluctuation fluctuation 

theories of  ferropnictides theories of  ferropnictides 



Superconductivity as instability of normal state to pairing field





But multiorbital spin fluct. calculations [Graser et al. NJP 11,

 

025016 (2009)].
find anisotropic A1g

 

states



Proximity to Mott insulator?Proximity to Mott insulator?

Cao et al. PRB 77, 220506 (2008)Cao et al. PRB 77, 220506 (2008)
Similar result for LDA+U, smaller Uc

 

~3eV

Haule et al, PRL Haule et al, PRL 100100, 226402 (2008), 226402 (2008)
LDA+DMFT: LOFA is at verge of M-I 
transition system opens gap between 
U=4 –

 

4.5 eV for Fe

U=4

Anisimov et al. aXiv: 0807.0547Anisimov et al. aXiv: 0807.0547
microscopic calc of U~3-4, J~0.5eV  --

 

many Fe orbitals --

 

correlations relatively weak



Susceptibility 50x larger

 

than LDA Pauli
T. Nomura et.al., aXv:0804.3569

Doped LaOFeAs

Evidence for importance of correlationsEvidence for importance of correlations
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LOFFA=LaO1−x

 

Fx

 

FeAs
LOFA=LaOFeAs

SOFFA=SmO1−x

 

Fx

 

FeAs



Nonmagnetic impurities Nonmagnetic impurities possibly notpossibly not
 detrimental to SCdetrimental to SC

BaFe1.8

 

Co0.2

 

As2

 

: Tc~22K

•Fe replaced by Co 
•Impurities do not destroy SC   (like Zn doping in cuprates)
•No signature of Curie-Weiss susc.

F.L. Ning

 

et.al, arXiv:0808.1420



STM on 122 crystalsSTM on 122 crystals
Boyer et al aXv:Boyer et al aXv:0806.4400 0806.4400 SrKAsSrKAs22

 

FeFe22

• 2 different types of surfaces revealed by cleave
• one shows “non-s-wave”

 

gap



Comparison of different ARPES resultsComparison of different ARPES results

Evtishinsky et al.Evtishinsky et al.
PRB 2009PRB 2009



Gap anisotropy (ARPES)Gap anisotropy (ARPES)

Negligible anisotropy.
D-wave gap excluded! 

Fermi surface Gap size
H. Ding et.al., 
Europhys. Lett. 83, 47001 (2008).



Scenarios for low AF Fe moment: Scenarios for low AF Fe moment: 
1. strong coupling + frustration1. strong coupling + frustration

competing superexchange interactions J1

 

and J2
(Yildrim arXiv:0804.2252)(Yildrim arXiv:0804.2252)

linear SDW implies J2

 

>J1

 

/2large nnn exchange!

system lowers frustration by structural distortion

see also Fang et alFang et al, arXiv:0804.3843arXiv:0804.3843
Cvectovic & Tesanovic Cvectovic & Tesanovic arXiv:0804.4678arXiv:0804.4678
Abrahams & Si, Abrahams & Si, arXiv:0804.2480arXiv:0804.2480



SDW temperature and magnetic moment SDW temperature and magnetic moment varyvary

 

strongly between compounds:strongly between compounds:

LaFeAsO:  TSDW

 

~140K      μ~0.3-0.4μB

NdFeAsO:  TSDW

 

~1.96K    μ~0.9μB

 

/Fe  

BaFe2

 

As2

 

:  T0

 

~TSDW

 

~100K    μ~0.9μB

 

/Fe  

SrFe2

 

As2

 

:  T0

 

~TSDW

 

~205K    μ~1.01μB

 

/Fe 

Huang, Q. et al., arXiv:0806.2776

G. Bo, et.al., arXiv:0806.1450

de

 

la Cruz

 

et.al, Nature 453, 899 (2008). 

K. Kaneko et.al., arXiv: 0807.2608

……and may depend sensitively on pressure:and may depend sensitively on pressure:

Opahle et al PRB 2009:

predict strong variation of As z-coordinate
and moment size on pressure of few GPa

2. Weak coupling: proximity to SDW transition gives sensitivity 2. Weak coupling: proximity to SDW transition gives sensitivity to internal pressureto internal pressure



Relation between magnetic & structural phase transitionsRelation between magnetic & structural phase transitions

Zhao et al arXiv:0806.2528

Recall: 150K anomaly in , C

Kamihara JACS 08, Dong EPL 08Kamihara JACS 08, Dong EPL 08

ORNL group: anomaly is structural transition

Ding et al. PRB Ding et al. PRB 7777, 180510 (2008), 180510 (2008)

CeFeAsO

22
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