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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 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
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Superconductivity at Dawn of the Iron Age

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

PRINCETON

$ 100 question: What is the theory of iron-pnictides ?
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 Mott limit: Si & Abrahams, Phillips et al, Sachdev et al, Kivelson et al, Zaanen &
Sawatzky et al, Hu, Bernevig et al, Dagotto et al, ...

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, ...




What is superconductivity ?

Heike Kamerlingh Onnes, Nov 1911
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7. arX{iv:physics/0510251 [ps, pdf, other]
Title: Theoretical remark on the superconductvity of metals
Authors: Albert Emstein
Comments: Translation of Albert Emstein's article "Theoretische Bemerkungen zur Supraleitung der Metalle", Gedenkboek aangeb. aan
H. Kamerlingh Onnes, eaz. Leiden, E. ITdo, 1922 {page 435) Translated by Bjoern S. Schinekel with the courtesy of the Kamerlingh
Onnes Laboratory. Lesden - Institute of Physics, Leiden Unrversity - A typo in the citation of the original article has been corrected
Subjects: History of Physics (physics. lust-ph); Superconductivity (cond-mat. supr-con)




What is superconductivity ?

Meissner-Ochsenfeld effect, 1933

2
Superconductors are s g
perfect diamagnets Js = mec

Heinz & Fritz London, 1935

T>Te T<Te

Ginzburg-Landau theory, 1950-57

Superconductivity in Solid Metal-Ammonia

: 3 I ., |BJ?
| 2 d f 4 . 2
Solutions F=F,+alY|]"+ ¢ + — |[(—=ihV — 2eA) ¢|"
RICHARD A, OGG, JR. 2 2m 2;-"
Department of Chemistry, Stanford University, California 0

July 1, 1946

HROUGH the courtesy of Drs, Boorse et al., their

concurrently appearing communication was sub-
mitted to the author before publication. The implications
of such a report make it advisable to publish at this time
the experimental details which lack of space caused to be
omitted from the previous communication.!

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

Ogg pairs, 1945
were real-space
"molecules” that
underwent Bose-Einstein condensation

j[ Bardeen-Cooper-Schrieffer (BCS) theory, 1957

Ly 0\ BCS introduce quantum mechanical
|f-«}1}__.f" = H (”F; 7'// wavefunction that captures the
k microscopic essence of superconductivity W%




What is superconductivity good for ?

ORMES - Orbitally Rearranged Monatomic Elements
Superconductivity and Modern Alchemy
Has the ghilosopher

Forces

y'H
iggs E

Standard model
(Anerson-Higg‘ "Negative" gravity (Physics Fair)




Superconductors > Hg > Nb;Ge > cuprates > pnictides
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4 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 ™=V (Greek for chocking, suffocation):
Semiconductors > Semimetals > Superconductors
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Pnictides - elements from Group V of Periodic Table:
hitrogen, phosphorus, arsenic, antimony and bismuth

III-V Semiconductors - formed by elements from Groups

IIT 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

semiconductors.
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Fe-pnictides: Semimetals - Superconductors

May 2006

COMMUNICATIONS

Published on Web 07152006

Iron-Based Layered Superconductor: LaOFeP

Yoichi Kamihara,? Hidenori Hiramatsu,t Masahiro Hirano, ¥ Ryuto Kawamura,§ Hiroshi Yanagi ¥
Toshio Kamiya, '8 and Hideo Hosono™1-#

ERATO-SORST, JST, Frontier Collaborative Research Centar, Tokyve Institute of Tecimology, Mail Box §2-13,
4239 Nagarsuta, Midori-ku, Yokehama 226-8503, Japan, Frontier Collaborative Research Center, Tokve Institute of
Taclmology, Mail Bax 52-13, 4259 Nagatsuta, Midori-kn, Yokohama 226-8503, Japan, and Materials and Strucnires

Laboratory, Tokye Institute of Technology, Mail Box R3-4, 4259 Nagatsuta, Yokohama 226-8503, Japan

Received May 15, 2006; F-mail’ hosono@msl fitech ac jp

Hideo Hosono, TI' &

Superconductivity at 43 K in Samarium-arsenide Oxides

SmFeAsO_F,

X. H. Chen* and T. Wu, G. Wu, R. H. Liu, H. Chen and D. F. Fang
Hefei National Laboratory for Physical Science at Microscale and Department of Physics,
University of Science and Technology of China,
Hefei, Anhut 250026,
People’s Republic of China
arXiv:0803.3603v 1 [cond-mat.supr-con| 25 Mar 2008

(Dated: March 25, 200

natur e International weeldy journal of science

Letter
o ?E‘J?S: [5 . l E namre
Superconductivity at International weekly journal of science

X. H. Chena(zasl T, Wualzaz)
1. Hefei National Laboratory for Fhys Letter

Corraspondence to: X H. Chenlllle napyre 450, 63-67 (7 May 2o09) | doiiie.1038 /natureorgSs; Received 4 November 2008; Accepted 13 Maxch 2009
Since the discovery of hig . . ;

been devoted to exploring A large iron isotope effect in SmFeAsO; - Fy and Ba; - yKiFe-As-
from Bardeen-Cooper-Sc

copper oxide supercondu
(ref. 2 (/nature journal/v. N
La—-Nd, Sm and Gd) are nc Chent
La0; xF:FeAs (ref. 3 (/nah

superconductivity in the r 1. Hefei National Laboratory for Physical Sciences at Microscale and Department of Phiysics, University of Science and Technology of China, Hefei, Anhui 230026, China

1 2. Beijing Synchrotron Radiation Facility, Institate of High Energy Physics, Chinese Academy of Sciences, Beijing 10004, China
measurements reveal a tr. 3. National S\rnchmtron Padiation Laburatun , University of Science and Technology ofC]nna, Hefei 230026, China
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Cu-oxides versus Fe-pnictides

O

l\_ > 0
Q BN\.

122

Both have d-electrons in key role (Cu vs Fe) However there are also

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

9 9 N holes in place = Mott insulator 4+ Neel antiferomagnet !!
[ ¢

I h d d h 10 e T T x=

Only when doped wit 10* b (@) |
\ \ ~ VR 1/0.00
»—¢ ¢ holes (or electrons) do E 10|\ o
cuprates turn into 2 w0 \ | o
superconductors 2z IO‘K 1008
T p— =3 oo
2 v I X

R U e —————— )
i e SNy "

10” f d

S T00 TS0 230 300

Phase diagram of Cu-oxides Temperature (K)

7

Temperature

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

Superconductor
’ Pseudogap
Region




Fe-pnictides: Semimetals - Superconductors

e% = &, + t. cos(kza) + t.cos(kya) ¢ ) I I
et = g4+ t4cos(kza) + t4 cOS(kya) O o&— ¢
® ~——©
&
empty d holes ® o—©
d empty \ electron
electrons ® oo
. £
In contrast to CuO,, all d-
filled bands in FeAs are either
filled 3d° nearly empty (electrons) or
36 nearly full (holes) and far
5 e B M  from being half-filled. This
[ M makes it easier for electrons
(holes) to avoid each other.
semiconductor s semimetal 2 FeAs are less

F2Y 5 z0¢

correlated than CuO,
(correlations are still
important Il )



Phase diagram of Fe-pnictides

LaO, F FeAs |

C. de la Cruz, et al, Nature 453, 899 (2008) _ SUReE _
AEARREAS (LR RN 5" r s = b SDW : Tt B
=% Like CuO,, phase diagram -« =
of FeAs has SDW (AF) in -
proximity to the SC state. = “" "~ oiii

‘E 0.10 S .y LaO, F,FeAs 1

H. Chen, et al, arXiv/0807.3950
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Minimal Model of FeAs Layers I

V. Cvetkovic and ZT, EPL 85, 37002 (2009)

'.-“-". =2
e el We consider effective 2D
o 0 Fe model, with all 5 d-orbitals.
8 | e, ® | e As bands are below Ep

b ‘)L | but they contribute crucial
%"L SO terms to the "minimal’ model

"Puckering” of FeAs planes is essential:

i) All d-orbitals are near E¢

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

tag

Tetragonal Tetrahedral

(54 3) x 2 =16 (+2) Wannier orbitals
= "minimal’ rmodel —




Minimal Model of FeAs Layers IT

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

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

Without pnictide atoms many hopping A~ \ T\

processes would vanish by symmetry. T{:; gﬂ;’}f‘\"ﬂk
Ny

These symmetries are violated by ! ‘:::khf&

pnictide puckering.



Hund's rule rules for Mn2*
all five d-electrons line up to minimize
Coulomb repulsion > S=5/2

\

'Puckering” of FeAs planes is essential:
All d-orbitals are near E-
Large overlap with As p-orbitals below E.
enhanced itinerancy of d electrons
defeats Hund's rule and large local moment




Minimal Model of FeAs Layers TIT

V. Cvetkovic and ZT, EPL 85, 37002 (2009);
arXiv/0804.4678

Tight-binding model optimized
M for band structure + exps.
Only nearest neighbor
Fe-As, Fe-Fe and As-As hoppings

X are used.
a |-y 22 zy xz
7 eo | -085 -14-11-115 g |x -

the | -0.55 -0.5 -1.6 -0.55 e5 [-4.0 -4.0

tarxry| 065 -14 15 3.2 +45(-0.8 -0.45
hole FS electron FS ; . 21 195 o7
2 pockets (valleys) 2 pockets (valleys) ;'“ | F‘\ 3 i

22y =01, 657, = —0.75, and {7, = 0.8.

Important: Near E; e and h bands contain
significant admixture of all five Wannier d-
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
= no simpie orbital "topoiogy”




Mie

.I:] f_:[l, D.] == 2 l

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




spinless fermions

—







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 3He, SrRu (?)
Il = 2518 I~ 1mK = 1K

New REOFeAs SC
T,~57K

A = ¢
d-wave

Cuprate SC T, ~ 160K




What can A tell us about superconducting state ?

I In conventional superconductors A
i is uniform along Fermi sea (s-wave)
0sf This reflects the pairing
a | interaction being attractive !!
o osh Its origin is electron-electron
E _ interaction mediated by phonons !!
[
0.4 :
. virtual
ozh phonons
- A e I electrons
ot To
T/Te
Ei‘i(o)/kﬁ’ﬂ = 3.53 Cooper pair size

= coherence length &
Universal BCS behavior

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 ?

In cuprate superconductors A
has nodes and d,>_,» symmetr
This suggests the basic
interaction is repulsive !l

The same is true of other
nodal SCs

|||||||||||||||||||||||||||||||||||||||

() No tip/ Au (b) Bi2212UD
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Ao=1‘5 meV 1 A, =44 meV 293K
| 1 b R RRRE Rhhb) RLbd L R Bk
4 5 8 -200 -100 0 100 200
)

V (mV)

s

V.

Gap equation A, = — Zk, i ——Lk

N

Furthermore, high temperature cuprate SCs
exhibit a pseudogap behavior:

A remains finite even for 17" > T, !

This reflects strong fluctuations !

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)

2Ad(i‘3)(0) —11 98
k kBTc .
F s - BTK analysis >
= | )
g TSRO Y S 2A = 13.34 + 0.3 meV
2 § Tc=42K
-O [ -
&) 5 -— 12 - .:1.:9.._ U
g ‘T CE:S B J rj
2 =] :
= JFrxalL : &
1 + 0 10 20 30 40 50 60
: T (K)
U P 1 | I 1 1 | | 1 L e i ‘

0 5 10 15 20 25 3¢ 35 40 45
T (K)

No pseudogap ! Nodeless isotropic gap !
A disappears at T = T. 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 in FeAs superconductors IT

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

141 A=6803mev  $4

M  Z=0572
13F r=1034mevV ¢
1.2-
X [ i
1 Ay 1.0 > T g
09 " 1 " | N 1 " | N 1 " | L | N ]
Fermi sea in FeAs materials 40 30 20 _10\/(21\/) 1020 30 40
iIs more like Land o'Lakes.
It is multiply-connected. We see only a single isotropic gap
13 It difiieremi = enmnis Slalkess Mnadsigmifieainiy
| b Co/MgB, different A we would see them
2A
e . : :
BACAE Only a "single” superconducting gap - sign/phase
YT F oz % ~ could be different for holes and electrons.
b ity Conclusions: Conventional phonon-mechanism is
A =0 me o c o o . o
S I unlikely but so is Mott limit-induced repulsion of

20 10 0 10 20 the cuprate d-wave kind. We have something new !



Emerging consensus (PCAR, ARPES, STM, uw, SQUID, ...):
nodeless "single” A in 1111, "two" A's in 122, nodes in lower T, SC ??
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Takeshi Kondo," A. F. Santander-Syro,* O. Copie,® Chang Liu,' M. E. Tillman,'
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Multiband superconductivity
in Fe-pnictides 1?
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nodal behavior
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F-- LaFePO
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_______________
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Josephson Effect Between FeAs and Pb

X. Zhang et al., PRL 102, 147002 (2009)
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= Shapiro steps were observed under microwave irradiation

centenfornanocphysics
andfadvanced materials

courtesy of R. Greene



Minimal Model of FeAs Layers IV

/X"

AL
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hole FS dleciion [FS
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):
i U, not larger than ~ 2 eV, Jyunda ~ 0.8 eV
from x_ray absorption
= moderate correlations Uy ~t, Jyuna < Uy

Consider £ [ d?rd?r'V (r,r')n(r)n(x’) , where V(r,r’) is the screened
Coulomb repulsion & Hubbard-like Hamiltonian with U; and Jyung
reflecting atomic limit Coulomb correlations

Hreas = — E t C_yﬁ"l-E elcle -+ — Udzﬂd; D

ij,a3 i i
Sawatzky et al discuss various interorbital interactions (---)

Effective interaction at the Fermi surface:

Z ra,ﬁ,’y,é (ka k,; q)f]i_;_q,aflif_q”@fk’,ﬁfkﬂ

k.k'.q

B e
U, W, G1,Go are all possible flavor conserving/mixing vertices




U W

(hi) (h2) (el) (e2) |(hl,el) (hi,e2) (h2,e1) (h2.2)

0.44 0.31 0.35 0.35| 0.21 0.25 0.27 0.29
0.04 0.21 0.17 0.20| 0.22 0.21 0.22 0.22
d|0.22 0.12 0.09 0.10{ 0.11 0.13 0.09 0.11 | 0.03 | 0.02

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



Hierarchy of Energy Scales U, W > G, G,

- Unified Model of Valley Density-Wave (VDW)

Y v Ho = Sxo & Ea b + 2Tl 1
PrFeAsO

All e and h bands are identical = NAFeASO

X  Hgp has SU(8) internal symmetry CaFeAsF

SrFeAsF

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

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

Hint — U ¥ oo ST @ L 5o e

2W S, s eSO TREOTR() (B)

‘ (k1) (h2)

U(4)xU(4) symmetry is reasonable since U and

{e1)  (e2) M(h1,e1) (h1,e2)

Ts (K)

155
155
153
150
134
175
173
220
140

(h2,e1) | =S

Ty (K)

137
140
127
141
114
120
173
220
140

Unified model N =4 > SU(4)XSU(4)
V. Cvetkovic and ZT, arXiv/0808.3742

Moy (”B)

0.36
0.83
0.48
0.9

0.49

0.8
0.94-1.0
0.9

(B)1,(8)1,(8),(B)

) (h1:e11.‘(h1:e11.

§(0.44 0.31 0.35 0.359 .21 0.25

W do not vary much in different (e, h) channels

P(0.04 0.21 0.17 0.204 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:

( ) N A0y Z (JU )e(ﬁ)Th(a)’rh(a) (B)_l_

G (cra")h(a) ('B)h(_a;,?eg?’)eaa’eﬂﬂ, + h.c.

ao! BB oo’

VDW in Fe-pnictides

(.27

0.22
0.09

is a (nearly) highly
symmetric combination:
SDW/CDW/ODW

0208 0.14 | 0.14
0.22§ 0.01 | 0.01
0.11§ 0.03 | 0.02



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

If hole (") and electron bands (M) are identical
=  perfect nesting atq=M

A = & e Mg ql a':' h:|
L xola,w =0) = 2-

0.2,
:'::E:'u T
0z
- log
2w lq — M| dp | s \
mn A _T'|'1 l arar L l-_-":-.. -
; “g= d I, B
. Yo | i o Wiy *,,;‘h = :1
" / iy iy _r\.l_L .-‘_'\ -;_?,
i, 4 I B e Pl
= & -
.- L
i Fi7

Outcome: combined SDW/CDW/ODW
and structural ordersatq=M -> VDW

"Josephson” terms in k-space
VDW €= s¢ |Gacleldd|break Ua)xu(4) symmetry to
U(1)XSU(2) and play key role in
Near VDW transition VDW fluctuations ¢ = it's all in the (--)
enhance interband "Josephson” repulsion.

- SC state with A (holes) and -A (electrons). GQ = UcUd ?



Valley Density-Wave (VDW) and SC in FeAs IT

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

/ M The condition for interband SC is actually milder:
A :
X Go < U:Uy but G"E = /“Ug*’ f;
\ _?7 A Uc,d
c,d 1+, 4 log (weo/we) ,\ )
G, B 35 3 (a
wo1 (WE2) - Inter (intra) band energy scales I__S__iLQ y =

RG calculations indicate, near a VDW state:

G- grows, while Uc(d) IS suppressed

V. Cvetkovic and ZT, arXiv/0804.4678; 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. I. Mazin et al,PRL 101, 057003 (2008); M. Parish, J. Hu, and B. A. Bernevig, PRB 78, 144514 (2008)
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V. Stanev, J. Kang, ZT, PRB 78, 184509 (2008)
@ ZT, Physics 2, 60 (2009)

Interband pairing acts like Josephson coupling in k-space.
If G, is repulsive > antibound Cooper pairs (s'SC)
s fet
> cleld
Goc'lcldd

J’A M
N\ 7 "

L

Two Kinds of Interband Superconductivity

Type-A interband SC: Type-B (intrinsic) intferband SC:

c gy 5(5526 < d
S FS
Css0O €D
@ G, (€>»
C (s'sc 2} d

(CTCJ, y del) o \UC ,\Ud

intraband Cooper pairing
further enhanced by G»

(epe) — day)

intrinsic interband Cooper pairs !

e 5( order parafreter \
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relevant vertices: U, W, & G,




L Q:

- _1&'1‘_'\)‘ + 4‘&1\’\1

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




U :""Ul-"q:-

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)




PRINCETON

Conclusions

Iron pnictides are semimetals turned superconductors

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

Superconducting gap has substantial s-wave character

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?
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