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Why do | care?

what are the pnictides?
6

d
no orbital orbital degeneracy
degree of freedom d_xz, d_yz

orbital degree of freedom: Hund physics
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Experimental puzzle 2: What is the origin
of the gap-like feature
above the structural transition?
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Crossover into a strongly correlated state on the
underdoped side of the phase diagram

Nature 486, 382-385 (2012)
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Experimental puzzle 3: What is the origin

of the incommensurate-commensurate
transition

Temperature-dependent transformation of the magnetic excitation spectrum on approaching
superconductivity in Fe; . (Ni/Cu),Te;;Se; ;5

Zhijun Xu,!'+* Jinsheng Wen,!-23-* Yang Zhao,** Masaaki Matsuda,® Wei Ku,’ Xucrong
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‘Condensed Matter Physics and Materials Science Department,
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Orbital Ordering

only d_yz and
d_xz break
t rotational
29 symmetry in xy
plane.
€, /
11
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Orbital Ordering

unequal occupancy of d,, and dy.

drive the structural transition, magnetism, ...

only d_yz and
d xz break
rotational
t29 S '
ymmetry in Xy
plane.
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x2-y2

322-r2
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structural transition
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structural transition

‘ Coulomb Repulsion: ‘
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structural transition

‘ Coulomb Repulsion: ‘
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structural transition

‘ Coulomb Repulsion: ‘
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SPT in Ising Universality Class

Hspt = —Jspr Z M; M ;
(,9)

M; = +1,i = d., dy.

13
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structural transition=nematic?
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structural transition=nematic?

electron nematic

continuous symmetry

breaking

goldstone boson
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structural transition=nematic?

electron nematic PnlCtldeS.
@) Ca
- O
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continuous symmetry Cs

breaking

goldstone boson no goldstone boson
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structural transition=nematic?

electron nematic p”'Ct'deS.
¢ C1
- O
L
continuous symmetry &
breaking
goldstone boson no goldstone boson

not really but this is not stopping anyone
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SPT-induced magnetism

Hso = Jspr Z M;M; + Z Jo (M, M;)S; - S
(i) ()
— Z Jigw (My, Miyz)Si - Siva

+ Z Jiy (M, Mit5) Si - Sityg

Jio (M, My) = Om, o, (J1s0as,,1 + J1a001,,—1)
Jiy (M, M;) = Ou,,m; (J1a00,,1 + J1600,,-1)
Jo (M, M;) = Ong, ;2

M; = +£1,1 = dyz,dm
122 Fe-Fe is shorter: ] {1b} is enhanced
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Orbital-polarized Fermi surface in antiferromagnetic state of
Shimojima, et al.

BaFe,As,
 Polarized ARPES
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Orbital-polarized Fermi surface in antiferromagnetic state of

Shimojima, et al.
BaFe,As, arXiv:0904.1632

(b)
 Polarized ARPES .
: e < ® AS
(c) (e) ey
o o )
g 0.2 °;"~ o a
...... = "”:::'Z‘;‘ ® .. CO =

5 0.0- ,S 0.0+ oY [Lb

= 10 [t

§-o.2-\ H 1 8-0.2 / Domain A

0.4 Y 0.4 N 4
-04 -02 0.0 02 04 04 -02 00 02 04
Momentum (A'1) Momentum (A'1)

0.4 (d) . = 0.4 (f), ‘

~ I e Dl - Py S
e 02 = i g 0.2+ - ﬁg

500 5 00- :

QC) \g\

€ 02 E 02 Crystal surface
= =

Ir o T . .
-0'4 T T T -J. T T T
-04 -02 00 02 04 .04 -02 00 02 04 dxz in domain A
Momentum (A") Momentum (A")

d,, in domain B

Friday, September 26, 14



Lifting of xz/yz orbital degeneracy at the structural transition in detwinned FeSe

T. Shimojima'", Y. Suzuki’, T. Sonobe’, A. Nakamura', M. Sakano', J. Omachi’,
K. Yoshioka®, M. Kuwata-Gonokami~, K. Ono®, H. Kumigashira®’, A. E. Bohmer’,
F. Hardy", T. Wolf*, C. Meingast’, H. v. Léhneysen™*, H. Ikeda’, K. Ishizaka'

"‘Quantum-Phase Electronics Center(QPEC) and Department of Applied Physics, University of Tokyo, Bunkyo, Tokye 113-8656, Japan.

Photon Science Center, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
Department of Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo [13-0033, Japan
'‘KEK, Photon Factory, Tsukuba, Ibaraki 305-0801, Japan.

‘Institut fiir Festkorperphysik, Karisruhe Institute of Technology, 76021 Karlsruhe, Germany
*Physikalisches Institut, Karlsruhe Institute of Technology, 76128 Karlsruhe, Germany

‘Department of Physics, Kyoto University, Kyoto 606-8502, Japan.
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Double-Exchange Model
Hioe = o Zs S+ ZS . S,

Li59) ((l 7)

unlike manganites

v < o0

20

Friday, September 26, 14



Double-Exchange Model
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answer: emergent ferro-orbital
order from Hund coupling

0.2
-

3 0.1

h=2.0tc

Ju=15t

JH:l.oto
Ju=0.5t0
0
(0,0) (m,0) (nn) (0,0)

WL, FK, PP, Phys. Rev. B,
vol. 82, p. 045125 (2010)
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answer: emergent ferro-orbital
order from Hund coupling

0.2
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WL, FK, PP, Phys. Rev. B,
vol. 82, p. 045125 (2010)

« Comparison with experiments:
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localized/extended electrons+Hund’s coupling

unfrustrated
magnetism,
SPT, RA

orbital
ordering

22
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Experimental puzzle 2: What is the origin

of the excess conductance
above the structural transition?

12.2 K
_14.0-
(7))
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>
o
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BaFeO.945COO.055
12.0-
L . : 150 -75 0 75 150
-150 -75 0 75 150 V bias (mV)

V bias (mV)

H. Ahram, L. Greene, ... (UIUC)

Friday, September 26, 14



Fermi surface in Brillouin zone

y d.\': k_y
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X K X
d,. | \ y
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Fermi surface in Brillouin zone
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Fermi surface in Brillouin zone
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Fermi surface in Brillouin zone
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(1 XZ

Fermi surface in Brillouin zone
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([ yz

([ yz
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- J

on-site

Interaction

anisotropic in
hybridized
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—

orbital ordering in
multi-orbital system

nematic order
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Multiorbital Hubbard Model

H=H,+H,

_Ezzt;b M ]b0+hc)
WA
H, EUan il Z

(U'—ilnn —2JS xSlb+Jc c..Cp Cy +h.c.)
U'=U-2J

2/zazb al ib| "ib!

Theoretical approaches:
e Multidimensional Bosonization for two-orbital model
e Generalized RPA for realistic five orbital model
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z=3 Overdamped Mode in Two-

Ordering QCP

Orbital Model at Orbital
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Self-Energy with One Loop Corrections (2-band model)

0.04

————. — — Uu=2.0

self energy

1 =ImZ(k,,w)=awn” +...
T

Symmetric phase

C, symmetry breaking
phase

Wei-Cheng Lee, and Philip W. Phillips, Phys. Rev. B 86, 245113 (2012)
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Self-Energy with One Loop Corrections (2-band model)
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P. Johnson, ARPES possible
experiment
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Wei-Cheng Lee, and Philip W. Phillips, Phys. Rev. B 86, 245113 (2012)
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resistivity anisotropy and NFL are linked

| prediction:
A no ZBC in hole-
doped pnictides!
(future work)
PRL 107, 067001 (2011) PHYSICAL REVIEW LETTERS s AGGUST 2511

Measurements of the Anisotropic In-Plane Resistivity of Underdoped
FeAs-Based Pnictide Superconductors
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Point Contact Spectroscopy

Wei-Cheng Lee, et. al., submitted, PNAS.
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Point Contact Spectroscopy

Using Keldysh formalism, for small voltage bias,

dl
— o [dk T(k,eV)ImG(k,eV
% [dk T(k.eV) ImGk,e)

Wei-Cheng Lee, et. al., submitted, PNAS.
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Point Contact Spectroscopy

Using Keldysh formalism, for small voltage bias,

dl
— o [dk T(k,eV)ImG(k,eV
% [dk T(k.eV) ImGk,e)

For metals

T(k,eV)~v, ,ImG(k,eV)=0(¢g, - eV),j—I[/ = const.

Wei-Cheng Lee, et. al., submitted, PNAS.

Friday, September 26, 14



Point Contact Spectroscopy

Using Keldysh formalism, for small voltage bias,

dl
X
dV

For metals

[k T(k,eV)ImG(k,eV)

T(k,eV)~v, ,ImG(k,eV)=0(¢g, - eV),j—I[/ = const.

For non-Fermi liquid due to nematic QCP,

ImG(k,eV)=0d(e, —el),
dl

W ocfd/; ImG(k,elV) = const. + A(eV/EF)z/3 In(eV /E)

Wei-Cheng Lee, et. al., submitted, PNAS.
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Point Contact Spectroscopy

Using Keldysh formalism, for small voltage bias,

dl
X
dV

For metals

[k T(k,eV)ImG(k,eV)

T(k,eV)~v, ,ImG(k,eV)=0(¢g, - eV),j—I[/ = const.

For non-Fermi liquid due to nematic QCP,

ImG(k,eV)=0d(e, —el),
dl

W ocde ImG(k,eV) = const. + A(eV/EF)z/3 In(eV /E)

a peak at eV=0!!!
M. J. Lawler, et. al., Phys. Rev. B 73, 085101 (2006).

Wei-Cheng Lee, et. al., submitted, PNAS.
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Incommensurate-to-Commensurate
Transformation in Fe,_ Ni Te, :Se, -

Ni 02

60 (a)
W0 ri00K
201

0
801 (b)
Wtk .
68 (c)

W5 K ’
20M
0

60 (d)
WrsK
20» “
0 Oco. )
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(1-K,K,0) (r.Lu.)

S$(Q.hw) (u, eV ' Fe)

FIG. 4. (Color online) Thermal evolution of the magnetic scatter-
ing at fuw = 5 meV. The data are measured through Qar along the
transverse direction for the Ni02 sample at (a) 100 K, (b) 40 K, (c)
15 K, (d) 2.8 K, and (e) for the Ni04 sample plotted as an intensity
contour map in temperature-wave-vector space. The data have been
smoothed. The yellow and black symbols in (¢) denote the corre-
sponding peak positions for the Ni02 sample (yellow squares

for a superconducting Fe, . sTeg 355eq 55 sample [16].

Z. Xu, et. al., Phys. Rev. Lett. 109, 227002 (2012)
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RPA + Gaussian Fluctuations
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—F normal state without
S = 1° orbital fluctuations
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Fluctuating orbital
order (modeled by

Orbital ordered
state

Gaussian fluctuation
model)
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Holography: requirements for Pomeranchuk problem
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Holography: requirements for Pomeranchuk problem
spin-2 field

i) = (0 gatr))
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Holography: requirements for Pomeranchuk problem
spin-2 field

(1) = ( g soz'g(')(r) ) /
Uuv

QFT

— D
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Holography: requirements for Pomeranchuk problem
spin-2 field

0 0 < >(). . nematic
— 1
Puv(T) ( 0 () ) J ordert
parameter

(Oi5) # 0
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Holography: requirements for Pomeranchuk problem
spin-2 field

/0 0 < )O nematic
v (T) = ( 0 () ) J ordert
parameter
(O;5) # 0

spontaneously!
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Holography: requirements for Pomeranchuk problem
spin-2 field

0 0 .. nematic
Puv(r) = ( 0 i;(r) )( )OZJ ordert
parameter
UV <Oij> 7 0
A

0 boundary

spinor

spinor
field operator
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Holography: requirements for Pomeranchuk problem
spin-2 field

0 0 .. nematic
v (r) = ( 0 (r) )( )OZJ ordert
parameter
UV <Oij> 7 0
A

0 boundary

< .
spinor

spinor
field operator

[auge hed] (-1
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Puzzle #4

Lifting of xz/yz orbital degeneracy at the structural transition in detwinned FeSe

T. Shimojima"’, Y. Suzuki’, T. Sonobe’, A. Nakamura', M. Sakano', J. Omachi-,
K. Yoshioka®, M. Kuwata-Gonokami*, K. Ono*, H. Kumigashira" A. E. Bohmer’,
F. Hardy", T. Wolf*, C. Meingast’, H. v. Léhneysen™", H. Ikeda’, K. Ishizaka'
"Quantum-Phase Electronics Center(QPEC) and Department of Applied Physics, University of Tokyo, Bunkyo, Tokye 113-8656, Japa
‘Photon Science Center, The University of Tokye, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
Department of Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo [13-0033, Japan
'‘KEK, Photon Factory, Tsukuba, Ibaraki 305-0801, Japan.
‘Institut fiir Festkorperphysik, Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany
Physikalisches Institut, Karisruhe Institute of Technology, 76128 Karlsruhe, Germany

‘Department of Physics, Kyoto University, Kyoto 606-8502, Japan.
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shear modulus in manganites?
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what really are the "pnictides’?

Insulator-Superconductor Transition in S-Phase of Single-Layer FeSe/SrTiO;

p<0.073 0.073 0.076 0.087 0.089 0.098 0.114
e

03 0 03 03 0 03 03 0 03
Momentum (m/a)

J. F. He, X.J. Zhou et al.,
arxiv:1401.7115.
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what really are the "pnictides’?

Insulator-Superconductor Transition in S-Phase of Single-Layer FeSe/SrTiO;

p<0.073 0.073 0.076 0.087 0.089 0.098 0.114

03 0 -0.
Momentum (n/d)

\ l \ }
|
Insulating Gap closed Superconducting

Gap Gap

J. F. He, X.J. Zhou et al.,
arxiv:1401.7115.
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what really are the "pnictides’?

Insulator-Superconductor Transition in S-Phase of Single-Layer FeSe/SrTiO;

p<0.073 0.073 0.076 0.087 0.089 0.098 0.114

03 0 0.
Momentum (m’d)

—

Insulating Gap closed Superconducting
Gap Gap

orbital-selective Mott J. F. He, X. J. Zhou et al.,
transition arXiv:1401.7115.
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Routes to High-T_c
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Routes to High-T_c

Mott Physics
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Routes to High-T_c

pnictides: several Cuprates: one Cu spin
unapired Fe spins Mott Physics

bad metals
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Routes to High-T_c

pnictides: several Cuprates: one Cu spin
unapired Fe spins Mott Physics

bad metals

are multi-orbital Mott systems
higher T_c materials?
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Possible systems (multi-orbital Mott systems) ¢

. complex
(oxychalchogenides
NiOl_mFx A203F62M2

hole-doping a A=la v
ole-doping M=Se, S, Te

d®system.

Does it superconduct? Co and Cu- based

LCLQ 00256203
N&QOCU4OSBQ
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Possible systems (multi-orbital Mott systems) ¢

. complex
(oxychalcho

N1O,_.F,

A=Lla, Y
M=Se, §, Te

hole-doping a

d®system.

Does it superconduct? Co and Cu- based

LCLQ 00256203
N&QOOU4OSBQ

Band Narrowing and Mott Localization in Iron Oxychalcogenides La,0,Fe,O(Se,S),

2

- o v 1 » > v ‘ - v )
Jian-Xin Zhu,! Rong Yu,” Hangdong Wang,* Liang L. Zhao,* M. D. Jones,*

o o v .y e . 9 . . v  » » gt
Jianhui Dai,” Elihu Abrahams,” E. Morosan,” Minghu Fang.” and Qimiao Si*

" Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA 38
“Department of Physics & Astronomy, Rice University, Houston, Texas 77005, USA
"'Ut:purfrruf.ve! of Physics, Zhejiang University, Hangzhou 310027, P. R. China
* University at Buffalo, SUNY, Buffalo, New York 14260, USA
‘Center for Materiols Theory, Rutoers University, Piscatawau. New Jersew (08855 [USA®

Friday, September 26, 14



s this what is going on
In FeSe’?

39
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