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Why do I care?

orbital degeneracy
d_xz, d_yz

pnictides

d6

cuprates

d9

no orbital 
degree of freedom

orbital degree of freedom: Hund physics

orbitals vs spins

what are the pnictides? manganites
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• Inelastic neutron scattering

 J. Zhao, et al. Nature Physics (2009)

Why is the magnetism frustrated?

Experimental Puzzle 1?

Friday, September 26, 14



• Inelastic neutron scattering

 J. Zhao, et al. Nature Physics (2009)

Why is the magnetism frustrated?

Experimental Puzzle 1?

Friday, September 26, 14



Experimental puzzle 2: What is the origin
of the gap-like feature

above the structural transition?

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

Nature 486, 382-385 (2012)

Matsuda, et al.

Greene, et al.
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Experimental puzzle 3: What is the origin
of the incommensurate-commensurate

transition

something besides
spin degree of freedom
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Orbital Ordering

t2g

eg

only d_yz and 
d_xz break 
rotational 
symmetry in xy 
plane.
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Orbital Ordering

d
xz

dyz unequal occupancy of 

drive the structural transition, magnetism, ... 

 and 

t2g

eg

only d_yz and 
d_xz break 
rotational 
symmetry in xy 
plane.
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b)

a)

c)

Coulomb Repulsion:

Energy Difference:

structural transition

orbital ordering

Lv, Wu, PP, 2009
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HSPT = �JSPT

�

�i,j⇥

MiMj

Mi = ±1, i = dyz, dxz

13

SPT in Ising Universality Class
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structural transition=nematic?

electron nematic

continuous symmetry
breaking 

goldstone boson

C4

C2

TS

pnictides

no goldstone boson

not really but this is not stopping anyone
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HSO = JSPT

�

�i,j⇥

MiMj +
�

��i,j⇥⇥

J2 (Mi,Mj)Si · Sj

+
�

i

J1x (Mi,Mi+x̂)Si · Si+x̂

+
�

i

J1y (Mi,Mi+ŷ)Si · Si+ŷ

J1x (Mi,Mj) = �Mi,Mj (J1b�Mi,1 + J1a�Mi,�1)

J1y (Mi,Mj) = �Mi,Mj (J1a�Mi,1 + J1b�Mi,�1)

J2 (Mi,Mj) = �Mi,MjJ2

16

SPT-induced magnetism

122 Fe-Fe is shorter: J_{1b} is enhanced

Mi = ±1, i = dyz, dxz
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• Polarized ARPES

Shimojima, et al.   
arXiv:0904.1632

Orbital-polarized Fermi surface in antiferromagnetic state of 
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50 meV

as in Na111 and Ba122
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 J. Zhao, et al. Nature Physics (2009)

Why is the magnetism frustrated?

Experimental Puzzle 1?
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Double-Exchange Model

unlike manganites
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answer: emergent ferro-orbital 
order from Hund coupling

  WL, FK, PP,  Phys. Rev. B, 
vol. 82, p. 045125 (2010)
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localized/extended electrons+Hund’s coupling

unfrustrated 
magnetism, 
SPT, RA

orbital 
ordering
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high T
paramagnetic state

low T
ordered state
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high T
paramagnetic state

low T
ordered state

prediction:
Landau damping
increases
as T increases

Z. Leong, et al,
PRB, xxx,2014
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Experimental puzzle 2: What is the origin
of the excess conductance

above the structural transition?

H. Ahram, L. Greene, ... (UIUC)
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Fermi surface in Brillouin zone

d
xz

dyz mainly

mainly

on-site 
interaction

anisotropic in 
hybridized 
basis

orbital ordering in 
multi-orbital system

= nematic order

x

y

k_x

k_y

Friday, September 26, 14



Multiorbital Hubbard Model

Theoretical approaches:
• Multidimensional Bosonization for two-orbital model
• Generalized RPA for realistic five orbital model
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z=3 Overdamped Mode in Two-Orbital Model at Orbital 
Ordering QCP

Patches for multidimensional 
bosonization
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Self-Energy with One Loop Corrections (2-band model)

Wei-Cheng Lee, and Philip W. Phillips, Phys. Rev. B 86, 245113 (2012)
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P. Johnson, ARPES possible 
experiment

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

Wei-Cheng Lee, and Philip W. Phillips, Phys. Rev. B 86, 245113 (2012)
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resistivity anisotropy and NFL are linked

prediction:
no ZBC in hole-
doped pnictides!

(future work)
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Point Contact Spectroscopy

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

For metals 

Using Keldysh formalism, for small voltage bias,

For non-Fermi liquid due to nematic QCP,  

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

a peak at eV=0!!! 
M. J. Lawler, et. al., Phys. Rev. B 73, 085101 (2006).
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Incommensurate-to-Commensurate 
Transformation in Fe1-xNixTe0.5Se0.5

Z. Xu, et. al., Phys. Rev. Lett. 109, 227002 (2012)
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RPA + Gaussian Fluctuations

normal state without 
orbital fluctuations

Orbital ordered 
state

Fluctuating orbital 
order (modeled by 
Gaussian fluctuation 
model)
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Holography: requirements for Pomeranchuk problem

UV

QFTIR

'µ⌫(r) =

✓
0 0
0 'ij(r)

◆
spin-2 field

 

spinor 
field

O 
boundary 

spinor 
operator

Oij
nematic

order 
parameter

hOiji 6= 0
spontaneously!

A = µ
⇣
1� r0

r

⌘
dtgauge field

µr ! 1
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Puzzle #4

50 meV

what about NMR below T_s?

shear modulus in manganites?
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Insulator-Superconductor Transition in S-Phase of Single-Layer FeSe/SrTiO3

J. F. He, X. J. Zhou et al., arXiv:1401.7115. 

p<0.073         0.073        0.076           0.087          0.089          0.098           0.114 

what really are the `pnictides’?

J. F. He, X. J. Zhou et al., 
arXiv:1401.7115. 

Friday, September 26, 14



Insulating
Gap

 Superconducting 
Gap

Gap closed
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Insulating
Gap

 Superconducting 
Gap

Gap closed

Insulator-Superconductor Transition in S-Phase of Single-Layer FeSe/SrTiO3

J. F. He, X. J. Zhou et al., arXiv:1401.7115. 

p<0.073         0.073        0.076           0.087          0.089          0.098           0.114 

orbital-selective Mott 
transition

what really are the `pnictides’?

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

 CuFeTe_2, Li_xNi_{1-x}O_2,         ?FeSe?
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Mott Physics
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Routes to High-T_c

cuprates: one Cu spin

Mott Physics
pnictides:  several 
unapired Fe spins

bad metals

are multi-orbital Mott systems
higher T_c materials?

 CuFeTe_2, Li_xNi_{1-x}O_2,         ?FeSe?
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Possible systems (multi-orbital Mott systems) ?

Simple 

hole-doping a
    system.
Does it superconduct?

complex
(oxychalchogenides 

A= La, Y
M=Se, S, Te 

Co and Cu- based
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Is this what is going on 
          in FeSe?
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