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Unexpected Discovery of Superconductivity

e 1911: Onnes

> No electric resistance

» Complete diamagnetism
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YBCO: the first superconductor at liquid nitrogen T




Magnetic suspension of superconductor
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Mechanism of Superconductivity

O

» Conventional superconductors: BCS

e Unconventional magnetic superconductors !

Heavy fermion superconductors

Copper oxide superconductors|

et




Grand Challenge in Physics

O

e What is the mechanism for cuprate, heavy fermion
unconventional superconductors

unresolved physics of Mott system, Kondo lattice system

o Where to find superconductors of higher transition
temperature

applications limited by expansive cryogenic requirement




A partial history of the pnictide superconductors
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Four types: TTT1, 122, T1T and 1T &
three structure families of superconductors
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FIG. 3 (color online). LDA Fermi surface of LaFeAsO shaded
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Magnetic RE suppresses s~-wave superconductivity

O
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Magnetic RE replacement enhances Tc:
unconventional superconductivity!

)

PRL 100, 247002 (2008)
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What is the symmetry of the superconducting order parameter! S*
Which material parameter (s) control Tc! Shape of the FeAs tetrahedron
Can the superconducting state coexist with AFM state? Yes

[s the antiferromagnetic order really caused by a SDW instability due to
the Fermi surface nesting! Orbital ordering transition

[tinerant or localized spins for normal state of superconductors! [tinerant

How to destroy the superconductivity! Diffusive spin fluctuations

A new different family of Fe-based superconductors? Yes




What is the superconducting symmetry
for the Fe~based superconductors? S~-wave or St/
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Neutron scattering measures spin-pair excitations
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Theory of magnetic excitations in iron-based layered superconductors i |
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Neutron scattering

Nuclear scattering

8(Q.0) =~ [dr ™ (P (0)po 1)

Magnetic scattering

S¥(Q,w) = ﬁjdf e %R%eiQ'(R_R') < SZ(0)SE.(1) >




Reactor and spallation neutron user facilities

1




Triple~axis spectrometer




SPINS @ NIST




Neutron scattering measures spin-pair excitations
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Spin Gap and Resonance at the Nesting Wave Vector in Superconducting FeSe sTeq
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Symmetry of superconducting order

O

1 ARPES: nodeless gap of 2A

O Inelastic neutron scattering: resonance peak at Q~(n,0) & E,<2A
> S* symmetry

> The Cooper pairs formed of quasi-2D electrons
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Physical nature of the antiferromagnetic transition?

. —0

160 L . CeFeAsO,_F, &
LaO,_,F FeAs B [ R - e X 081 4 r-sok
) rne o S
" LA Ty £ o Fe moment
Tet | L N ¢ 0 [
= - Le Q. ter T o om
b4 = .
< 100 x N+ @ T (P4/nmmto Cmma) X
< o o T, from XRD o | 8
- N = \ .
= =z 80 o T from »(T) g 80F e
2 & Ty from SR g
m T from uSR =
' . ' 0 i O et R N S ) , )
00 0.2 0.4 06 0’8 10 0 0.020.04 0.06 3.08' Oﬂl? o.1tz tc>.14 016 018 0.20 008 o012 o016 020
ominal F content x
xinBa, K FeAs,

X
Luetkens et al. Nature Mat. 8, 305 (2009) Zhao et al. Nature Mat. 7, 953 (2008)
T. Chen et al., EPL 85, 17006 (2009)

LaFeAsO,_F, F Doping x
T T T T T T T 0.00 0.04 0.08 B ®T,
1 * Fe Moment L
6oL - Fe, »(Te, Se,) | 16018 C ) P 2.: E, Sm-1111 oy
i \‘C-_ £ @ VT
v -2 2 d 12 L ) o eloo b
“ Tn— R.u 5 Tc_p — 0F i = g
40 + T, _p * T A = | > o T P
N c B 4 @ ‘ % / T’ E
If L]
(I 2 eof C% S vt T i
z | N °
‘u = y
20 E 40F AFM §
Bulk SC o NS g8 &
0 | " 0 1 ’- 1 1 -‘ 1
' 0.1 0.2 0.3 0.4 05 0.00 0.02 0.0 0.06 0.08 010 0.12 000 005 010 015 020 025 030

F doping x
Se content x Q. Huang et al., PRB 78, 054529 (2008) F Doping

.J. Liu et al., Nature Materials 9, 718 (2010) Drew et al., Nature Mat. 8, 310 (2009)




—
W
S

Counts at (200); peak

7000

6000

5000

4000

3000

2000

g

(200)1. Cooling

® (200); Warming

(50 %) Cooling
4 (80%)Warming

(020§} (200), &
: VY \7K

o g ——
| 65 66 67
.w;&‘f‘w-’

1000

L A L

4‘]

§

yead onaubew (% 0 Q) je sjunoH

600

L
s
(=
o

N
o
o

0

0 20 40 60

10 20 30 40

.I.I.D
50 60 70 80

T(K)

QO (Pmmn) O+7T

T (P4 nmm)

80

T(K)

6.252
6.250

6.248

-

6.246 459

S

6244

6.242

=-16.240
100 120 140 160

(112)1. Cooling
® (112)y Warming

(5 0 %) Cooling
A (50 %) Warming

1600, : :
T 800
(b) TTI e1 0751'8 11?[ T 1: 0
140 i&h o o0 ©
lJ. o |
*EM {oo @
A 1200 80 Y1 )
3 SELP X —
8 L %00
_= 1000 17 1651 =
N - £ 400 B
= soo M2y x t¥1 3
2 (112)y 1 (T12)yy N Z
c 600+ AT - =~ d
3 AL i 4200 ©
61 62 ® i
400 & Q
20 (dogree) SR e A3 100 >
- : o
il ¥, 1 & 7 1 0
0 10 20 30 40 50 60 70 80
T (K)
MiP2,m) T (P4 nmm)
(d) 3.84 ey 6.262
Fe,sT€
3.83F 197 4 6.260
g 3.82F a, 4 6258
- A ——a -
4 62% o
=~ 3.80F -4 6.254
atef il 16252
3.78 . , l e s 6250
0 20 40 60 80 100 120 140 160

T(K)




Spin-~density-wave (SDW) order of a Fermi gas/liquid: (WM. Lomer, 1962)
divergent Lindhard function y,(Q,®) at nesting vecta@,,

O
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Density Functional Study of LaFeAsO,_,F,: A Low Carrier Density Superconductor
Near Itinerant Magnetism

D.J. Singh and M.-H. Du

SDW: Dong et al., EPL ‘08
Ma and Lu, PRB '08
Kuroki et al, PRL '08
Cao et al., PRB ‘08

FIG. 3 (color online). LDA Fermi surface of LaFeAsO shaded
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PHYSICS

The Hot Question: How New Are
The New Superconductors?
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Crystal Structure and Antiferromagnetic Order in NdFeAsO,_ F, (x = 0.0 and 0.2)
Superconducting Compounds from Neutron Diffraction Measurements
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The Fe
moments are orientated along the longer of the two axes, a,
the direction where Nd also has a component. While the
antiferromagnetic alignment for Nd is along the b axis, it is y
along the a axis for the Fe moments, which is consistent
with previous first-principles calculations [22]. The total
staggered magnetic moments are 1.55(4)up per Nd and
0.9(1)ep per Fe at 0.3 K.

(pi,0) and (0,pi) not equivalent
in orthorhombic lattice
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Crystal Structure and Antiferromagnetic Order in NdFeAsO,_ F, (x = 0.0 and 0.2)
Superconducting Compounds from Neutron Diffraction Measurements
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The Fe
moments are orientated along the longer of the two axes, a,
the direction where Nd also has a component. While the
antiferromagnetic alignment for Nd is along the b axis, it is y
along the a axis for the Fe moments, which is consistent
with previous first-principles calculations [22]. The total X
staggered magnetic moments are 1.55(4)up per Nd and
0.9(1)ep per Fe at 0.3 K.
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order of 1111 in term of the orthorhombic unit cell

The first correct determination of tiFM direction of magnetic
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Neutron-Diffraction Measurements of Magnetic Order and a Structural Transition
in the Parent BaFe;As, Compound of FeAs-Based High-Temperature Superconductors
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1 1 f |
10000 - (B) | 5k i
Fmmm (121)u
8000 - -
£ 6000 - R - )
: Ll Ll Ll e
8 i 1 [ 30 40 50
4000 % [degres) -
(400)  (040)
'\
2000 (- , A -
180 9%
o 1 ] L}
POC LU e o wnme i tumn W tn i
0 | ! | ! | ! 1 49 495 50 505
20.0 40.0 60.0 80.0 100.0 120.0 140.0 20 (degree)
20 (degree)

rXiv:0806.2776 The 1% magnetic structure determination of the 122 system




week ending
19 DECEMBER 2008
100 Yo e *
UV e ' | ral Transition
™ ™ L N " 'uperconductors
. U , s
e R o “a " v pl |
b o 0 A . Wu,* and X.H. Chen*
. T |
S00 [ . "y . C N ll Fl
‘e e ¥ - N al
e 5 o T&°B | |'|
=~ 200 \ TM. Rice, F.C. Zhang '95
PM - I Pen et al. ‘97
b = Castellani, Natoli, Ranninger ‘78
) Kugel, Khomskii ‘73
100 e AFI | Cyrot, Lyon-Caen ‘73
SpW |
) c 1 1
0.03 (.02 0.01 0 02 04
1"a.':: :,rU:s (Vl—xcrx.)EOS

VoLUME 78, NUMBER 3

PHYSICAL REVIEW LETTERS

20 JANURY 1997

Dramatic Switching of Magnetic Exchange in a Classic Transition Metal Oxide:
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Magnetic exchange J determined by orbital overlap

Goodenough.

Lag5Sr; sMnOy

Ordered pattern of | comes from ordered pattern of orbital occupation




The same SDW state predicted for the 11 system

)

week endin
PRL 100, 237003 (2008) PHYSICAL REVIEW LETTERS 13 JUNE 2008

Density Functional Study of LaFeAsO,_.F,: A Low Carrier Density Superconductor
Near Itinerant Magnetism
IH Selected for a Viewpoint in Physics

PHYSICAL REVIEW B 78, 134514 (2008)

§

Density functional study of FeS, FeSe, and FeTe: Electronic structure, magnetism,
phonons, and superconductivity

D.J. Singh and M.-H. Du

Alaska Subedi

FIG. 3 (color online). LDA Fermi surface of LaFeAsO shaded




PRL 102, 247001 (2009)
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Tunable (67, 67)-Type Antiferromagnetic Order in a-Fe(Te,Se) Superconductors

Wei Bao,"** Y. Qiu,™* Q. Huang,” M. A. Green,™ P. Zajdel,™ M. R. Fitzsimmons,” M. Zhernenkov,” S. Chang,’
Minghu Fang.®’ B. Qian.® E. K. Vehstedt.® Jinhu Yang,” H.M. Pham.® L. Spinu.® and Z. Q. Mao®
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Orthorhombic distortion of the 11 system differs from that in either
1111 or 122 system

O

No unit cell doubling in the 11 system

a) 80K 280 c) 80K — 1 (112)
P4nmm # (103) Pd4/nmm I
200001 4t (201) 4 20000} —_ (200)
- Fe, .141(2).'-e I} & i FeLuvs(z)Ta (mi' i
€ T SRR | S— s = At
3 U "
O 10000} : o]
o LI O
' }/
ol
i) (BE 1] | IIIIIEII ninin I

' i L ' ) ' ' i ' T(112) (-112)
b) 8K | (20 200 {1";3 ) d) 7K i g
Pmmn 1 PI 1 [°21) (ma)ot" (m)(ozo)
#1l 5 (201) 3 utH
Ra 10000}

Counts

i

f
LJ 1 A A A
20 40 60 80 100 120 140 40 60 80 100 120 140
20 (°)

0w 1 3
L BRI LR R
At




Fe,, Te: tetragonal at room T
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Empirical rules for relating the sign of magnetic interaction J
and lattice distortion

O

* From experimental results of combined crystalline and magnetic structure study of 1111,
122 and 11 systems

O Rule 1: Lattice spacing expands: Antiferromagnetic ]

O Rule 2: Lattice spacing contracts: Ferromagnetic ]

Structural transition is a manifest of orbital occupation ordering transition




Type I: structure transition
followed by mag. transition

VOLUME 78. NUMBER 3

PHYSICAL REVIEW LETTERS

20 JANUARY 1997 OLUME 78. NUMBER 3

Type II: simultaneous 1t order
Magnetostructural transition

PHYSICAL REVIEW LETTERS 20 JaNury 1997

Impact of Charge Ordering on Magnetic Correlations in Perovskite (Bi, Ca)MnO;

Wei Bao.! I.D. Axe.! C.H. Chen.? and S-W. Cheong®
! Brookhaven National Laboratory, Upton, New York 11973

*Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974
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Dramatic Switching of Magnetic Exchange in a Classic Transition Metal Oxide:
Evidence for Orbital Ordering
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Spin correlations in metallic and insulating phases of V,03 and its derivatives are investigated using
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Physics process of the structural-magnetic transition(s) in the
parent compounds

O

1. Geometry of the Fermi surface leads to an enhanced Lindhard function
near (pi,0), but may not divergent

2. Orbital order leads to a set of {J;} which makes JQ) %,(Q,0) =1at

antiferromagnetic vector

3. Meanwhile also reflected by structural distortion

4. When Ty {J;} >T: first-order magnetostructural transition

5. When Ty {J;} <T: separated structural and magnetic transitions
Reviews of orbital physics:

® Imada, Fujimori & Tokura, RMP 1998

® Tokura & Nagaosa, Science 2000




Separated Structural and magnetic transition
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Simultaneous structural and magnetic transition
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Orbital order

O

> Magnetic transition and structural transition, whether separated or
simultaneous, are naturally accounted for by the occupational order of d-
electron orbitals.
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Diffusive (glassy) spin fluctuations

O
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MACS: diffuse magnetic scattering
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Weak localization of electrons
by diffuse spin fluctuations
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» Chemical composition:
®close to KO.8Fel.6Se2,
@®FLc ion 2+

» Unit cell:
®5 Xr5X1,

O®RR or LL interilane stackini
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A Novel Large Moment Antiferromagnetic Order in KjsFe; ;Se, Superconductor
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Common Structural and Magnetic Framework in the A,Fe;Se; Superconductors
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Vacancy tuned magnetic high-T, superconductor K Fe,_, /»Se,
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Coexistence of superconductivity and antiferromagnetism in single crystals

ApsFey_y,Ses (A= K, Rb, Cs, TI/K and T1/Rb): evidence from magnetization and
resistivity
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Summary

O

> There exists close relation between magnetic structure and
crystalline distortion in the 11, 122 and 1111 systems

® Orbital ordering (structure transition) generates a set of J’s,
which lead to a J(Q), which competes with bare y,(Q,®) to
determine the antiferromagnetic order in Fe
pnictide/chalcogenides.

» Magnetic resonance of Fe(Se, ,Tey o) at Ey/kyT.=5.3, below the
charge gap 2A/k;T =7.

® Support the sign change of superconducting order parameter.
Support for the s~ symmetry, in combination with other data.




Longrange magnetic order can coexists with
superconductivity

Normal state magnetic excitations: itinerant inclined
concentrated continuum.

Diffuse low energy magnetic fluctuations break electronic
coherence and destroy superconductivity

Higher Tc for samples with more perfect FeAs/Se
tetrahedron

Empty site decorated Fe square lattice offers a new route
for discovery
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the resonance in high magnetic field
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ONeed higher magnetic field at neutron scattering facilities




week ending

PRL 101, 257003 (2008) PHYSICAL REVIEW LETTERS 19 DECEMBER 2008

Neutron-Diffraction Measurements of Magnetic Order and a Structural Transition
in the Parent BaFe;As, Compound of FeAs-Based High-Temperature Superconductors

Q. Huang,] Y. Qiu,]’z Wei Bao,>™ M. A. Green,"2 J.W. Lynn,t Y. C. Gasparovic,"2 T. Wu,4 G. Wu,4 and X. H. Chen”

The concurring first-order structural and magnetic transi-
tion indicates strong coupling between the structural and
magnetic order parameters. A similar previous experimen-
tal observation has led to the identification of an orbital
ordering among degenerate d orbitals as the driving force
of a first-order structural transition in the vicinity of a
SDW transition [33]. There are degenerate Fermi sheets
from the Fe d orbitals for the FeAs-based materials in the
tetragonal phase [28—-30]. The structural transition could in
principle break the degeneracy and involve the orbital
degree of freedom in the combined magnetic and structural
transition.
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Neutron-Diffraction Measurements of Magnetic Order and a Structural Transition
in the Parent BaFe,As, Compound of FeAs-Based High-Temperature Superconductors

Q. Huang,' Y. Qiu,"* Wei Bao,™* M. A. Green,"* J.W. Lynn,' Y.C. Gasparovic,"* T. Wu,* G. Wu,* and X.H. Chen*
(Received 14 July 2008; published 17 December 2008)
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Dramatic Switching of Magnetic Exchange in a Classic Transition Metal Oxide:
Evidence for Orbital Ordering
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Angle-Resolved Photoemission Spectroscopy of Iron-Chalcogenide Superconductor
Fey 03 Tep7Sep3 : Strong-Coupling Superconductivity and Universality of Inter-Band
Scattering

K. Nakayama,! T. Sato,2 P. Richard,® T. Kawahara,! Y. Sekiba,! T. Qian,!

G. F. Chen,* J. L. Luo.* N. L. W'ang,d‘ H. Ding._" and T. Takahashil*®
! Department of Physics, Tohokw University, Sendai 980-8578, Japan
2TRiP, Japan Science and Technology Agency (JST), Kawagucht 332-0012, Japan
3WPI Research Center, Advanced Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan and
4 Beijing National Laboratory for Condensed Matter Physics,
and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
(Dated: July 4, 2009)

We have performed high- hotoemission spectroscopy of iron-
chalcogenide superconductor|Fey 3 Teg 75eq 5 (Te = 13 K}|to investigate the electronic structure
relevant to superconductivity.” We observed a hole- and an electron-like Fermi aces at the Bril-

We do not ﬁnd evidence for the nesting lnstaballty with Q~(7+9, 0) remlmscent of the antiferro-
magnetic order in the parent compound Fe, 4, Te. We = perconducting
gap along the hole-like Fermi surface with the gap size|A of ~4 meV (24 /hpT. wi)" demonstrating EO< ZA
the strong-coupling nature of the superconductivity. The observed similarity of low-energy elec-
tronic excitations between iron-chalcogenide and iron-arsenide superconductors strongly suggests

that common interactions which involve Q~ (7, 7) scattering are responsible for the superconduct-
ing pairing.

®» 3 M
A

(@

Intensity (arb. units)




Vol 453/12 June 2008 |doi:10.1038/nature07057 nature

Magnetic order close to superconductivity in the
iron-based layered LaO,_,F,FeAs systems

Clarina de la Cruz"?, Q. Huang’, J. W. Lynn?, Jiving Li>**, W. Ratcliff II°, J. L. Zarestky’, H. A. Mook?, G. F. Chen®,
J. L. Luo®, N. L. Wang® & Pengcheng Dai'*
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Superconductivity and Magnetic Properties of high-quality single crystals of A, Fe;Se,
(A = K and Cs)

J. J. Ying, X. F. Wang, X. G. Luot, A. F. Wang, M. Zhang, Y. J.
Yan, Z. J. Xiang, R. H. Liu, P. Cheng. G. J. Ye and X. H. Chen*
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