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

LDA + RPA: Mazin, Singh et al, Kuroki et al, Scalapino et al, Schmalian et al, ...

Weak coupling**: Chubukov, Eremin et al, DH Lee, Vishwanath et al, Cvetkovic et al,
Bernevig, Thomale et al, ...

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, Hirschfeld et al, Benfatto, Castellani et al, PA Lee &
Wen, Raghu, SC Zhang, et al, Nagaosa & Ng, Gor’kov et al, FC Zhang & Rice, ...

linked anti-angiogenesis to tumor growth.
*Graphene, single-atom layers of carbon that have semiconductor properties. They "lock like a coming revolution in electronics,” Pendlebury says.
Science magazine included graphene on its "Top Ten" list of breakthroughs for the year.

«Small RNA's, genetic materials that regulate genes in cells. They've emerged in "an astounding landscape” notes a highly-cited Nature Reviews
fMalecular Cell Bialagy survey led by V. Narry Kim of South Korea's Seoul National University. They have potential to treat diseases and reveal how
genes work on a fundamental level inside cells. But not a big news item.

*Obesity gene, biclogy and diet studies. A New England Joumnal of Medicine report that found cutting calories, whatever their origin, mattered the mosf
surprisingly high number of citations, considering it confirmed long-standing advice.



Superconductors > Hg > Nb;Ge - cuprates - pnictides
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Greatest web-induced frenzy in

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




Pnictides m7<v (Greek for chocking, suffocation):
Semiconductors > Semimetals 2> Superconductors
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Pnictides - elements from Group V of Periodic Table: ' s
nitrogen, phosphorus, arsenic, antimony and bismuth

o
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III-V Semiconductors - formed by elements from Groups
ITT and V: aluminium phosphide, aluminium arsenide,
aluminium antimonide, gallium phosphide, gallium arsenide,
gallium antimonide, indium phosphide, indium arsenide and
indium antimonide plus numerous ternary and quaternary
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Fe-pnictides: Semimetals > Superconductors
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Iron-Based Layered Superconductor: LaOFeP "
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Cu-oxides versus Fe-pnictides

Both have d-electrons in key role (Cu vs Fe) Uermeman, <iheme ame alas

Both are layered (CuO» vs FeAs) many differences! This
Both have AF and SC in close proximity may add up to new and
interesting physics



In CuO, a single hole in a filled 3d orbital shell

- A suitable single band model might work

In FeAs large and even number of d-holes

> A multiband model is likely necessary




Cu-oxides: Mott Insulators = Superconductors

In a half-filled band Coulomb repulsioU > t) keeps

D N holes in place = Mott insulator + Neel antiferomagnet !!
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How Mott insulators turn into
superconductors, particularly in
the pseudogap region, remains one
of great intellectual challenges of
condensed matter physics

Pseudogap
Region




ZT, Nature Physics 4, 408 (2008)

BCS-Eliashberg-Migdal

PW Anderson, Balents, MPA Fisher, Nayak, Franz, Vafek, Mef.llikyan, ZT, Senthil & PA Lee

Optimal T, in HTS is determined by quantum fluctuations




Fe-pnictides: Semimetals = Superconductors

e% = g; + t.cos(kza) + t.cos(kya) ¢
e% = g4 + tgcos(kza) + tycos(kya) ®
O
e
empty d holes ®
d empty \ glectrons ®
B H
In contrast to CuO,, all d-
filled bands in FeAs are either
filled 3d° nearly empty (electrons) or
346 nearly full (holes) and far
& =c | M  from being half-filled. This
P M makes it easier for electrons
(holes) to avoid each other.
semiconductor — semimetal > FeAs are less

correlated than CuO,
(correlations are still
important Il )



Phase diagram of Fe-pnictides

C. de la Cruz, et al, Nature 453, 899 (2008)
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Like CuO,, phase diagram
of FeAs has SDW (AF) in
proximity to the SC state.

H. Chen, et al,, arXiv/0807.3950
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However, unlike CuO,,
all regions of FeAs

phase diagram are
(bad) metals Il
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Minimal Model of FeAs Layers I

V. Cvetkovic and ZT, EPL 85, 37002 (2009)
C. Cao, P. J. Hirschfeld, and H.-P. Cheng, PRB 77, 220506 (2008)

l-ﬁ 2]
e el We consider effective 2D
° ° | Fe model, with all 5 d-orbitals.
& | e & | e As bands are below Ep
—)L but they contribute crucial
(‘\ S terms to the "minimal” model

“Puckering” of FeAs planes is essential:

i) All d-orbitals are near E¢

ii) Large overlap with As p- orbi‘rals below E¢
-~ enhanced itinerancy of d electrons
defeats Hund's rule and large local moment

tog

Tetragonal Tetrahedral

(5+43) x2=16 (+2) Wannier orbitals
— "minimal” model —



Minimal Model of FeAs Layers II

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

even parity

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

Without pnictide atoms many hopping ,&(““‘

processes would vanish by symmetry. Eﬁﬁﬁhiﬁ{\_
e RCR

These symmetries are violated by ) 5} 'l-n.::l

pnictide puckering.



Minimal Model of FeAs Layers III

V. Cvetkovic and ZT, EPL 85, 37002 (2009)
C. Cao, P. J. Hirschfeld, and H.-P. Cheng, PRB 77, 220506 (2008)
K. Kuroki et a/, PRL 101, 087004 (2008)

Tight-binding model optimized

for band structure 4+ exps.

Only nearest neighbor Fe-As, Fe-Fe,
and As-As hoppings are used.
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?‘zggw = 0.1, 57 42 = —0,_{5, and T&{y_:_ 0.8.

Important: Near E; e and h bands contain

significant admixture of all five Wannier d- j M
orbitals, d,, and d,, of odd parity (in FeAs
plane) and the remaining three d-orbitals of ”

even parity in FeAs plane -

As one goes around the FS there is
strong mixing of odd and even d-orbitals ‘i
= no simple orbital "topology”




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 E¢

ii) Large overlap with As p-orbitals below E >
enhanced itinerancy of d electrons
defeats Hund's rule and large local moment




Turning on moderate interactions >
VDW = itinerant multiband CDW (structural),
SDW (AF) and orbital orders at q = M = (7,7)




spinless fermions

—




Many-Particle Problem in Quantum Matter
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Quantum Phase Transitions

T aowmpl e We can assume any form of the
ground state, irrespective of whether
letze e Qe #0 =D ‘ CDW l it obeys the symmetries of H. As long
N as such Hartree-Fock state is
(CLe “L+rQ-¢7 4o ""\’ determined self-consistently to have
the lowest energy >
wcuwa 0’\{/-%

SM e “9"“‘“& Ton. We have the true ground state

CDW breaks translational (lattice) invariance; SDW does the same plus, spin SU(2) symmetry.
All such states are allowed and can be the ground state with a suitable interaction.

H How about <C+O+> + © 7. T \
TL\-JS breol, \fw:t\.r/(.n., nnndren Cafansadl; ew y [FHJT\J]:O{ .\—;uécm % \;\"WYD

fss vwe | +
+ & 5 —
c::"-.\;ﬁ c ile\ — Zdeye ety <C’u.‘ C—-w~—-;> Fo

\Qf eCe (\vtn q?l\\. SL CZ-')

4 -+
Cre Cret = L Cac Syl ) +

v Y S
LC'—{—;G" C‘-—E"Cj qn-"‘q-:':"l SCJ_C’
> NWUe L Gaad e, 3—\—'
Fecl, lasp gedy Mus O (€%) . Mooy msime |0 s VL) e
N (' A =~ Q&rmw)sm"% ) g AN A Lonte w2 T




H ('urk + ’L-’kc.‘.g_Tc"'__kl) |U>

k




T'Aks s KA




()
\-waotv'm 2
A _

(o) = NM\JJZML%)
%‘u =




Fictitious "Superconductor” =
VDW in Fe-pnictides

Sl

filled \
\

H — skhlthk -+ Ekeltek — Wnpne + (-+) x, Pl ? - r H&J . M
Negative U Hubbard model: (h,e) < (f1, f1) (5“)‘;;\ & ‘\@f‘_,;
—~ H=3 ef] Juo— Wnpng HE0) 17’“9 a
. Darent‘ "FFLO" state a)l \
Ground state is a " superconductor: FeAs VOW metat O

insulating VDW (SDW/ODW/CDW) at M = (r, )

d ;;/ y \\] Generically, the ¢ and d bands are different:

\_/ Y ool
C = kr. —krg= Dkp 20 = fictitious Zeeman magnetic field
R N = " Fulde-Ferrell-Larkin-Ovchinikov”, " breached pairing” states
./ = metallic (incommensurate?) VDW (SDW/ODW /CDW)

o

/

What about real superconductivity ? (.. .)



Pairing Gap A - Coastline of the Fermi Sea

+

Superconducting gap A

Parting the waves
of the Fermi Sea

s-wave (isotropic) p-wave
Conventional SC (Nb, Pb, Al, --*) Superfluid *He, SrRu (?)
T. = 25K T:.~ 1lmKK - 1K

New REOFeAs SC
T.~57K

A = ¢
d-wave

@liprate SE 7T -~ 160l




What can A tell us about superconducting state ?

1.0

Eq( T)/Eg(0 K)
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Modern Phusics
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Universal BCS behavior

In conventional superconductors A
is uniform along Fermi sea (s-wave)
This reflects the pairing

interaction being attractive !!

Its origin is electron-electron
interaction mediated by phonons !!

virtual
phonons

I///l electrons

Cooper pair size
= coherence length &

Standard BCS theory works well in materials like Nb,
Sn or Hg. In Pb and more complex systems (Nb;Ge)
one needs "strong coupling” theory (2A/T.~ 4-6)



What can A tell us about superconducting state ?
ht

In cuprate superconductors A
has nodes and d,._,» symmetry.
T his suggests the basic
interaction is repulsive !!

The same is true of other
nodal SCs

LLLLES RAR]

(@) Notip/ Au (b) Bi2212UD

42K
46K
63K
76K
81K
B4 K
89K
%BK
109K
123K -
151 Furthermore, high temperature cuprate SCs
oK exhibit a pseudogap behavior:

wk /A remains finite even for 7" > T, |

(i

) hae

rt | | o = This reflects strong fluctuations !
I Results for FeAs mostly appear

inconsistent with these features



Andreev spectroscopy

A in FeAs superconductors I

T. Y. Chen et al, Nature 453, 1224 (2008)

( — kBTc .
=
= R BTK analysis >
S - S N T 2A = 13.34 £ 0.3 meV
i Tc=42K

\)‘.

Normalized dl/dV

Y = of W ,.;:,-':‘

i 0 10 20 30 40 50 60

[ T (K)

o1 o 1 . 1 1 1 . L+ 1

0O 5 10 15 20 25 3¢ 35 40 45
T (K)

No pseudogap ! Nodeless isotropic gap !
A disappeass at T =71, A(T) consistent with BCS theory

2A(0)/kpT. = 3.68 ~ 3.53 (sign/phase variation still possible!)

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



A=6803meV  $4
r Z=0.572 %
r=1034mev ¢ ¢

0 10 20 30 40 50 60
T(K)

Co/MgB,
2A

L

Ji 2A
MA -—275:’2;%%

i ol Conclusions: Conventional phonon-mechanism is
i e unlikely but so is Mott limit-induced repulsion of
10 20 = the cuprate d-wave kind. We have something new !




Emerging consensus (PCAR, ARPES, STM, uw, SQUID, ..):
1111, "two" A's in 122, nodes in lower T, SC ??

NMR sees
nodal behavior
(~T2)in 1111

Intensity (arb. units)
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Strong indication of
s-wave like SC state




Minimal Model of FeAs Layers IV

helefES cleclioniES
2 pockets (valleys) 2 pockets (valleys)

As one goes around the FS there is
strong mixing of odd and even d-orbitals
— rich orbital content

FeAs are different from CuO,

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 FeAs I

High multiband itinerancy implies

significant metallic screening Yang et al, PRB 80, 014508 (2009):
Uz not larger than ~ 2 eV, Jyuna ~ 0.8 eV
from X-ray absorption
= moderate correlations Ui ~ t, Juyund < Uy

Consider %fdQTdQT’V(r,r’)n(r)n(r’) , where V(r,r’) is the screened
Coulomb repulsion & Hubbard-like Hamiltonian with U; and Jyung
reflecting atomic limit Coulomb correlations

1
Hpepas = — Z tgﬁczacjﬁ‘l'z Gz‘ac@-acia‘i’EUd Z ng;—Jhund Z SRG )
1,0 i i

ij,of3

Sawatzky et al discuss various interorbital interactions (--)

Effective interaction at the Fermi surface:

Z Lo slckayfl A hah

k.k',q

ra.ﬁ,’y,()‘(k: k,r Q)_> U: Wa Gla G2
All flavor conserving (U, W) and flavor mixing (G1,G5>) vertices




(h1) (h2) (e1) (e2)
5|0.44 0.31 0.35 0.35| 0.21 0.25 0.27
p|0.04 0.21 0.17 0.20| 0.22 0.21
d|0.22 0.12 0.09 0.10| 0.11

0.29

0.22 0.22 | 0.01 | 0.01
0.13 009 0.11

Typically, we find Wy is dominant -

- These "Josephson” terms are not crucial for SDW
Valley density-wave(s) (VDW) in FeAs > Could they be the cause of SC ?




Two Kinds of Interband Superconductivity

g ZT, Physics 2, 60 (2009)
/ @ Interband pairing acts like Josephson coupling in k-space.
If G, is repulsive > antibound Cooper pairs (s'SC)
¢ M
6 Gocleldd 2 M
VAN
X
N Z The Problem: Need N 2
Type-A interband & GQ T A UcUd trinsic) interband SC:
: C
Most unlikely! %, > d
—————————— Fs ———-===-===Fs

& G & GO
C ( s'SC > d (CTCl = del)

L intrinsic interband Cooper pairs !
(crcy , didy) Ve, Wy

intraband Cooper pairing :
further enhanced by Go Single SC order parameter W !l



Interplay of Valley Density-Wave (VDW) and SC in FeAs I

V. Stanev, J. Kang, ZT, PRB 78, 184509 (2008)

/ M The condition for interband SC is actually milder:
VAN
x Go < UU; but G5> ,/UU;
5 7. [
* c,d
N 4 Uc=d — 14+U.g4lo9(wea/wet)

we1 (We2) - Inter (intra) band energy scales

RG calculations indicate, near a VDW state:

G2 grows, while U,y Is suppressed

A. V. Chubukov et a/, PRB 78, 134512 (2008)

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

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



Hierarchy of Energy Scales U, W » G,, G, Unified model N = 4 5 SUGIXSU)

= Unified Model of Valley Density-Wave (VDW) V- cvetkovic and 2T, PRa 80, 024512 (2009)

HO = Zk it 5(0) [Za h]({a)Th]({a) _I_ Zﬁ el({)@)'i'el({ﬁ)] LaFeAsO

CeFeAsO

J

PrFeAsO

All e and h bands are identical = NdFeAsO

X  Hp has SU(8) internal symmetry CaFeAsF

SrFeAsF

Orbital flavor-conserving vertices (U, W) CaFe,As,

\ O reduce this to U(4)xU(4): StFeshs,
BaFe,As,

T5 (K)

155

155

153

150

134

175

173

220

140

T (K)

137

140

127

141

114

120

173

220

140

Mg (”B)

0.36

0.83

0.9

0.49

0.8

0.94-1.0

0.9

Bl — U (h) SEL hc(:ra)Thc(,?’)Thc(,?,)hc(Ta)'l'U(e) Zﬁﬁ’aa’ egﬁ)Tec(f’)Tec(f')egﬁ)_l_

2W 5 oo €t TSRS ) 10

||_'hl‘,| (h2) ({el) {e2) B(hl,el) (hl,e2)

(h2.e1) (h2.e

) L'h].:el.‘_|| {(h1,e1)

U(4)xU(4) symmetry is reasonable since U and
W do not vary much in different (e, h) channels

510.44 0.31 0.35 0.358 0.21 0.25
P10.04 0.21 0.17 0.20§4 0.22 0.21
d(0.22 0.12 0.09 0.10§ 0.11 0.13
Finally, flavor-mixing vertices G1 »(& U, W) have

the highest symmetry that physics will allow:

() 2 T NP

0.27
0.22
0.09

VDW in Fe-pnictides
is a (nearly) highly

0208 0.14 | 0.14
0.228 0.01 | 0.01
0.11 8 0.03 | 0.02

&l (gg’)h( )e(ﬁ)h( BN cad B 4 . symmetric combination:

ao! BB oo’

SDW/CDW/ODW
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relevant vertices: U, W, & G,




-\ - @,

L6,V + 4GW

2

This is true interband SC
since U > O - different
fromU<O:

A Wt g,

g\r):’t‘,e'c)‘ (w+q)) &, (.Hq,‘\

g.t"\» Calp &lp) = Eu

w




-~V - Q,

LG,V + 4GW

3

In Fe-pnictides interband superconductivity (s’ or s+- state) is a strong
possibility but there is some fine tuning with SDW/CDW/ODW




Correlation between SC and Nesting (ARPES)

H. Ding group (CAS Beijing & BC)

In optimally electron doped samples, quasi FS nesting
between the outer () hole pocket and the electron pockets

1k R 4 N [."),qf*!a}“n IAl (meV)
i\ 5 E ,‘:‘ l’ﬁ.-hihx \‘\-
= N P | p a . .

1 \ | o ;.( X \
CIE A X ! i 2t '6\ “
"EE I Yo i ) ""-'j. ‘L.I i -,
l; | S ! Ly D Ly : -
i > du| UK T

" : : M \\ \ B r I
R oLy A
O_ T R A A R \\ \._-‘_ Lo f:-f'
I 5 | \\h‘ i “}’
(ﬂ:.’a) T

® |arge SC gaps for well-
nested hole and electron
pockets

® SC collapses as one dopes
away from near nesting

® Holds for both hole and
electron doping

Strong pairing also happens to these FSs!

2A/kgT. =6, 4.5
for B, y(d)

Nodeless SC correlates with degree
of nesting and SC disappears as h(e)
Fermi pockets are doped away.

K. Terashima ef al., PNAS 106,

Binding Energy

[C00.15:T,=25.5 K |electron d0ping|C00.3:7=0 K|




Emerging consensus (PCAR, ARPES, STM, uw, SQUID, ..):
1111, "two" A's in 122, nodes in lower T, SC ??
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Nodal SC from Orbital Structure (fRG)

R. Thomale, C. Platt, W. Hanke & A. Bernevig, arXiv:1002.3599;

also, F. Wang, D. H. Lee et al K. Kuroki et a/
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x = 0.17 leading sc—formfactor

2
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Accidental Gap Nodes and Zeroes in Iron-Pnictides IT

V. Stanev et al, arXiv:1006.0447
These accidental nodes appear "robust” as T — O
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Conclusions

o Iron pnictides are semimetals turned superconductors

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

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

o Orbital anisotropy of pairing interaction can lead to anisotropic
SC gap with accidental nodes/zeroes -2  quantum critical
“zero-point” scaling replaces Dirac-SL scaling seen in cuprates

- new physics, beyond the “standard” model?
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