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FIG. 1: The lattice parameters at room temperature as a
function of the composition.

using BaAs, KAs and Fe2As as the starting materials.
The BaAs was pre-synthesized by reacting Ba powder
with As powder in an evacuated quartz tube at 673 K
for 4 hours; KAs by reacting K lumps with As powder
at 523 K for 4 hours; and Fe2As by reacting the mix-
ture of element powders at 973 K for 4 hours. The raw
materials were weighed according to the stoichiometric
ratio of Ba1!xKxFe2As2. The mixed powders were then
thoroughly grounded and pressed into pellets. The pel-
lets were wrapped with Ta foil and sealed in evacuated
quartz tubes. These tubes were annealed at 973 ! 1093
K for 20 hours. The sample preparation, except for the
annealing, was carried out in glove box in which high pu-
rity argon atmosphere is filled. The samples were char-
acterized using an X-ray di!ractometer at room temper-
ature and the powder di!raction pattern of all samples
can be indexed using the tetragonal ThCr2Si2 structure
of the space group I4/mmm (No 139). The variation of
the lattice parameters at room temperature is shown in
Fig. 1. Both the a and c change smoothly from x = 0 to
1.

We measured the resistivity using the standard four-
probe method. The results are shown in Fig. 2. The
anomaly associated with the structural and magnetic
transition is pronounced for x = 0 and 0.1. The anomaly
is rounded o! for x = 0.2, which becomes a superconduc-
tor with the transition starting at 14 K and the resistivity
reaching zero at 3 K. The TC increases with further potas-
sium doping and the superconducting transition becomes
narrower until x = 0.5. Thereafter, TC begin to decrease
from the maximum TC " 37.5 K with the potassium
doping. At x = 1, TC is 3.8 K for the KFe2As2 sample,
the same as reported by Sasmal et al.[21]. The TC as a
function of the composition is summarized in Fig. 3.

While the temperature of the simultaneous structural
and SDW transition can be inferred from the pronounced
anomaly in resistivity for x = 0 and 0.1 (Fig. 2), for
x # 0.2, it becomes progressively less certain whether
there is an anomaly in the resistivity. To further in-

FIG. 2: Temperature dependence of the resistivity.

FIG. 3: The composition-temperature phase-diagram, show-
ing the structural, magnetic and superconducting transitions.
The TS denotes the temperature of the simultaneous struc-
tural and magnetic transition, and TC the superconduct-
ing one. The spin-density-wave (SDW) and superconducting
(SC) orders coexist at low temperature in 0.2 ! x < 0.4.

vestigate the crystal structure and structural transition,
powder di!raction experiments from 5 to 300 K were per-
formed for the x = 0, 0.1, 0.2, 0.3, 0.4 and 0.6 sam-
ples using synchrotron high-energy x-ray (! = 0.1067Å)
at the beamline 11-ID-C at Advanced Photon Source of
ANL. The sample temperature was controlled by a cry-
omagnet. The synchrotron X-ray Bragg peaks from all
samples are resolution-limited, indicating uniform sam-
ple quality and excluding the possibility of phase sepa-
ration. The full spectra and detailed structural study
will be reported elsewhere. Here in Fig. 4, we shows the
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Magnetism
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• 1111 (LaOFeAs) 
• 2 second-order phase transitions
T_S=157, T_M=137K

• 122 (LaOFeAs) 
• 1 first-order transition
T_S=T_M=144K



17

Simple Model for Magnetism



17

Simple Model for Magnetism

monoclinic
distortion



17

Simple Model for Magnetism

monoclinic
distortion



17

Simple Model for Magnetism

local moments

monoclinic
distortion



18

Are the pnictides strongly         
correlated? 



19

Multibands



empty bands at low energy. The high energy Hubbard
bands are only weakly affected by such splitting. The
Coulomb repulsion thus strongly reduces the carrier den-
sity and pushes the parent compound on the verge of the
transition between a bad metal and a bad semiconductor.
At the same time, the localization of electrons leads to
local moment formation and enhancement of the spin
susceptibility in the doped compound.

Many of the unconventional superconductors are known
to have a very simple low energy band structure. For
example, in the copper oxides, a single band is crossing
the Fermi level. Similarly, the Fermi surface of the Na
doped cobaltates [14] has primarily a a1g single sheet
Fermi surface. The situation is very different in LaOFeAs
within LDA. As can be seen in Fig. 3(b) LDA predicts that
all five Fe 3d orbitals have finite weight close to or at the
Fermi level. The situation is not simplified when the
Coulomb correlation is accounted for. The spectral weight
splits into a high energy incoherent part and a low energy
part, which is very asymmetric and considerably reduced

due to the proximity to the semiconducting state. Upon
doping, the quasiparticle peaks move to the Fermi level,
the scattering rate is reduced, and the system becomes a
better conductor. Experimentally, doping leads to the
superconducting ground state at low temperature, which
is likely to be of unconventional origin. The cooper pairs
are likely to be formed out of composite singlets of spin
and orbital degrees of freedom.

Figure 4(a) shows the momentum resolved spectral
function

P
LA!k; !"LL in color coding together with the

LDA bands in the energy range between #5 and 2.5 eVand
momentum dispersion in the high symmetry directions of
the first Brillouin zone. The higher energy band structure at
!> 2 eV and !<#5 eV is not considerably different in
the two approaches. In the intermediate frequency region
between #1:5 and 1.5 eVa depletion of the spectral weight
is apparent in the DMFT approach. While LDA predicts a
large number of bands in this region, DMFT redistributes
most of this weight further away from the Fermi level to the
range between #2 and #4 eV. Consequently, a set of
states with a large scattering rate and short lifetime is
predicted by DMFT. Finally, the low energy part of the
spectra is considerably modified when Coulomb correla-
tion is taken into account. The hole pockets around the !
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FIG. 3 (color). (a) DMFT density of states compared with
LDA DOS. (b) Orbitally resolved Fe-3d density of states within
LDA and DMFT.

FIG. 4 (color). Momentum resolved spectral function
A4d!k; !" within DMFT (color coding) together with the LDA
band structure (dashed lines). The upper panel corresponds to the
undoped parent compound while the lower panel shows the 10%
electron doped compound in the virtual crystal approximation.
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FIG. 1: (color online) LDA density of states and projections
onto the LAPW spheres on a per formula unit both spins
basis. Note that much of the As p character will be outside
the As sphere, reducing their apparent weight.

!
"
"

FIG. 2: (color online) Band structure of LaFeAsO around
EF showing the e!ect As breathing along z by !zAs=0.04
(0.035Å). The unshifted band structure is indicated by the
solid black line, while the shift away (towards) the Fe is indi-
cated by the blue dotted (green dashed) lines.

a more complicated band structure, with no clear gap at
4 electrons per Fe. Rather, the main feature is a pseudo-
gap at an electron count of 6. The Fermi energy for d6

Fe2+ is at the pseudogap. While we do find sensitivity of
the bands near EF to the As height as shown in Fig. 2,
the PBE band structure with the PBE relaxed structure
is very similar to the LDA band structure, including the
details of the Fermi surface.

The Fermi surface (Fig. 3). has five sheets: two high
velocity electron cylinders around the zone edge M -A
line, two lower velocity hole cylinders around the zone
center, and an additional heavy 3-D hole pocket, which
intersects and anti-crosses with the hole cylinders, and is
centered at Z. The heavy 3-D pocket is derived from Fe
dz states, which hybridize su!ciently with As p and La

FIG. 3: (color online) LDA Fermi surface of
LaFeAsO shaded by velocity (blue is low velocity).
The symmetry points are "=(0,0,0), Z=(0,0,1/2),
X=(1/2,0,0),R=(1/2,0,1/2),M=(1/2,1/2,0),A=(1/2,1/2,1/2).

orbitals to yield a 3D pocket. The remaining sheets of
Fermi surface are nearly 2D. The electron cylinders are
associated with in-plane Fe d orbitals and have higher
velocity and will make the larger contribution to the in-
plane electrical conductivity, The Seebeck coe!cients are
positive because of the proximity to band edges in the
hole bands: Sxx=Syy=6.8 µV/K and Szz=8.5 µV/K, at
300K. However, for N(EF ) and other quantities that de-
pend on the density of states, such as spin-fluctuations,
and electron-phonon coupling, the heavier hole pockets
may be more important. Specifically, the three hole
sheets together contribute 80% of N(EF ) but only 31%
of N(EF )v2

x. The average Fermi velocities are 0.81x107

cm/s (in-plane) and 0.34x107 cm/s (c-axis) for the hole
sections and 2.39x107 cm/s (in-plane) and 0.35x107 cm/s
(c-axis) for the electron sections. Including all sheets,
vxx=vyy=1.30x107 cm/s and vzz=0.34x107 cm/s. This
yields a resistivity anisotropy of !15 for isotropic scat-
tering. We note that the DOS is rapidly changing near
EF and therefore these quantities will be quite sensitive
to the electron filling, structure and other details.

The volume enclosed by the two electron cylinders
(equal to that enclosed by the hole sections) corresponds
to 0.26 electrons per cell (0.13 per formula unit). EF lies
just above a peak in the DOS, which leads to a rapidly
decreasing DOS with energy. This peak is associated
with a van Hove singularity from the 3D hole pocket,
which becomes cylindrical as EF is lowered. The calcu-
lated value at EF is N(EF )=2.62 eV!1 per formula unit
both spins. The corresponding bare susceptibility and
specific heat coe!cient are !0=8.5x10!5 emu/mol and
"0=6.5 mJ/mol K2 Thus LaFeAsO is a low carrier con-
centration, high density of states superconductor. This is
in contrast to the cuprates, which have high carrier con-
centration (near half filling with large Fermi surfaces)12

and lower density of states. Recent experimental data
also indicates low carrier concentration.13,14,15 Electron

Are the pnictides strongly    
correlated? 

20

2

we examine the resonant X-ray emission spectra (RXES)
at Fe L-edge and non-resonant oxygen and fluorine K-
emission and absorption spectra of undoped and fluorine
doped LnOFeAs (Ln=La, Sm), providing an experimen-
tal indication of the distribution of Fe 3d, O 2p and F 2p
occupied and vacant electronic states.

I. EXPERIMENTAL AND COMPUTATIONAL
DETAILS.

Polycrystalline samples with nominal composition
SmO1!xFxFeAs (x=0.05, 0.15) were synthesized by a
conventional solid state reaction using high purity SmAs,
SmF3, Fe and Fe2O3 as starting materials. SmAs was ob-
tained by reacting Sm chips and As pieces at 600" C for
3 hours and then 900" C for 5 hours. The raw materials
were thoroughly grounded and pressed into pellets. The
pellets were wrapped into Ta foil and sealed in an evac-
uated quartz tube. They were then annealed at 1160" C
for 40 hours. With the exception of the annealing, the
sample preparation process was carried out in a glove box
with a high-purity argon atmosphere. The synthesis of
the LaO1!xFxFeAs (x=0, 0.13), is identical except for
the substitution of LaAs and LaF3 in the starting ma-
terials. For a more complete description of the sample
preparation see Ref. 4.

The soft X-ray absorption and emission measurements
of the fluorine doped LaOFeAs and SmOFeAs were per-
formed at the soft X-ray fluorescence endstation at Beam-
line 8.0.1 of the Advanced Light Source at Lawrence
Berkeley National Laboratory [18]. The endstation uses a
Rowland circle geometry X-ray spectrometer with spher-
ical gratings and an area sensitive multichannel detec-
tor. We have measured the resonant and non-resonant
Fe L2,3 (3d4s ! 2p transition) and non-resonant F K!
and O K! (2p ! 1s transition) X-ray emission spectra
(XES). The instrument resolution for F K! and Fe L2,3

X-ray emission spectra was 0.8 eV and for O K! XES –
0.5 eV. X-ray absorption spectra (XAS) were measured
in the total fluorescence mode with a resolwing power
E/!E=5000. All spectra were normalized to the inci-
dent photon current using a clean gold mesh in front
of the sample to correct for intensity fluctuations in the
photon beam. The excitations for the RXES measure-
ments were determined from the XAS spectra; the cho-
sen energies corresponded to the location of the L3 and
L2 thresholds as well as one energy well above resonance.

All band structure calculations were performed within
the full-potential augment plane-wave method as im-
plemented in WIEN2k code [19]. For the exchange-
correlation potential we used gradient approximation [20]
in the Perdew-Burke-Ernzerhof variant. The Brillouin
zone integrations were performed with a 12"12"5 special
point grid and Rmin

MT Kmax=7 (the product of the smallest
of the atomic sphere radii RMT and the plane wave cuto"
parameter Kmax) was used for the expansion of the basis
set. The experimentally determined lattice parameters
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FIG. 2: Soft X-ray spectra of constituents of LaOFeAs: Oxy-
gen K-emission and absorption spectra of LaOFeAs (lower
panel) and resonantly excited Fe L3 X-ray emission spectrum.

as well as internal positions of LaOFeAs (a=4.03007 Å,
c=8.7368 Å) [3] were used. The spheres radii were
chosen RFe=2.40, RAs=2.13, RLa=2.35, RO=2.09 and
RF =2.09 a.u. They were chosen in such a way that the
spheres are nearly touching. To calculate band structure
of LaO7/8F1/8FeAs we constructed a 2a " 2a " c super-
cell (where a and c are experimentally determined lattice
parameters of LaO0.92F0.08FeAs [21]) in which one of oxy-
gen atoms was replaced by fluorine atom. The resulting
unit cell has a lower symmetry than initial unit cell of
LaOFeAs: space group P-4m2 (115). Calculations of the
electronic structure of LaO7/8FeAs were performed for
the same crystal structure as for LaO0.92F0.08FeAs but
with a vacancy in place of fluorine atom. The inclusion
of this vacancy in the supercell does not change its sym-
metry from that of the previous supercell. For the com-
parison with the experimental spectra the obtained DOS
curves were broadened with Lorentz functions of width
0.3 eV.

II. RESULTS AND DISCUSSION.

A. Undoped LaOFeAs.

The oxygen K-emission and absorption spectra of un-
doped LaOFeAs are presented in Fig. 2. The calcu-
lated partial density of states (DOS) of LaOFeAS are are
shown in Fig. 3. The comparison of experimental oxygen
K-emission and absorption spectra and calculated O 2p
DOS shows a good correspondence. As seen, in the vicin-
ity of the Fermi level Ef (determined as an intersection of
O K! XES and O 1s XAS) the occupied O 2p-states are
negligible and mostly are concentrated at the middle of

Fe 3d peak at 4eV below
E_F:
Lower Hubbard 
band

LDA and Experiment
show no Fe 3d
lower Hubbard band



empty bands at low energy. The high energy Hubbard
bands are only weakly affected by such splitting. The
Coulomb repulsion thus strongly reduces the carrier den-
sity and pushes the parent compound on the verge of the
transition between a bad metal and a bad semiconductor.
At the same time, the localization of electrons leads to
local moment formation and enhancement of the spin
susceptibility in the doped compound.

Many of the unconventional superconductors are known
to have a very simple low energy band structure. For
example, in the copper oxides, a single band is crossing
the Fermi level. Similarly, the Fermi surface of the Na
doped cobaltates [14] has primarily a a1g single sheet
Fermi surface. The situation is very different in LaOFeAs
within LDA. As can be seen in Fig. 3(b) LDA predicts that
all five Fe 3d orbitals have finite weight close to or at the
Fermi level. The situation is not simplified when the
Coulomb correlation is accounted for. The spectral weight
splits into a high energy incoherent part and a low energy
part, which is very asymmetric and considerably reduced

due to the proximity to the semiconducting state. Upon
doping, the quasiparticle peaks move to the Fermi level,
the scattering rate is reduced, and the system becomes a
better conductor. Experimentally, doping leads to the
superconducting ground state at low temperature, which
is likely to be of unconventional origin. The cooper pairs
are likely to be formed out of composite singlets of spin
and orbital degrees of freedom.

Figure 4(a) shows the momentum resolved spectral
function

P
LA!k; !"LL in color coding together with the

LDA bands in the energy range between #5 and 2.5 eVand
momentum dispersion in the high symmetry directions of
the first Brillouin zone. The higher energy band structure at
!> 2 eV and !<#5 eV is not considerably different in
the two approaches. In the intermediate frequency region
between #1:5 and 1.5 eVa depletion of the spectral weight
is apparent in the DMFT approach. While LDA predicts a
large number of bands in this region, DMFT redistributes
most of this weight further away from the Fermi level to the
range between #2 and #4 eV. Consequently, a set of
states with a large scattering rate and short lifetime is
predicted by DMFT. Finally, the low energy part of the
spectra is considerably modified when Coulomb correla-
tion is taken into account. The hole pockets around the !
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FIG. 3 (color). (a) DMFT density of states compared with
LDA DOS. (b) Orbitally resolved Fe-3d density of states within
LDA and DMFT.

FIG. 4 (color). Momentum resolved spectral function
A4d!k; !" within DMFT (color coding) together with the LDA
band structure (dashed lines). The upper panel corresponds to the
undoped parent compound while the lower panel shows the 10%
electron doped compound in the virtual crystal approximation.
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FIG. 1: (color online) LDA density of states and projections
onto the LAPW spheres on a per formula unit both spins
basis. Note that much of the As p character will be outside
the As sphere, reducing their apparent weight.

!
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FIG. 2: (color online) Band structure of LaFeAsO around
EF showing the e!ect As breathing along z by !zAs=0.04
(0.035Å). The unshifted band structure is indicated by the
solid black line, while the shift away (towards) the Fe is indi-
cated by the blue dotted (green dashed) lines.

a more complicated band structure, with no clear gap at
4 electrons per Fe. Rather, the main feature is a pseudo-
gap at an electron count of 6. The Fermi energy for d6

Fe2+ is at the pseudogap. While we do find sensitivity of
the bands near EF to the As height as shown in Fig. 2,
the PBE band structure with the PBE relaxed structure
is very similar to the LDA band structure, including the
details of the Fermi surface.

The Fermi surface (Fig. 3). has five sheets: two high
velocity electron cylinders around the zone edge M -A
line, two lower velocity hole cylinders around the zone
center, and an additional heavy 3-D hole pocket, which
intersects and anti-crosses with the hole cylinders, and is
centered at Z. The heavy 3-D pocket is derived from Fe
dz states, which hybridize su!ciently with As p and La

FIG. 3: (color online) LDA Fermi surface of
LaFeAsO shaded by velocity (blue is low velocity).
The symmetry points are "=(0,0,0), Z=(0,0,1/2),
X=(1/2,0,0),R=(1/2,0,1/2),M=(1/2,1/2,0),A=(1/2,1/2,1/2).

orbitals to yield a 3D pocket. The remaining sheets of
Fermi surface are nearly 2D. The electron cylinders are
associated with in-plane Fe d orbitals and have higher
velocity and will make the larger contribution to the in-
plane electrical conductivity, The Seebeck coe!cients are
positive because of the proximity to band edges in the
hole bands: Sxx=Syy=6.8 µV/K and Szz=8.5 µV/K, at
300K. However, for N(EF ) and other quantities that de-
pend on the density of states, such as spin-fluctuations,
and electron-phonon coupling, the heavier hole pockets
may be more important. Specifically, the three hole
sheets together contribute 80% of N(EF ) but only 31%
of N(EF )v2

x. The average Fermi velocities are 0.81x107

cm/s (in-plane) and 0.34x107 cm/s (c-axis) for the hole
sections and 2.39x107 cm/s (in-plane) and 0.35x107 cm/s
(c-axis) for the electron sections. Including all sheets,
vxx=vyy=1.30x107 cm/s and vzz=0.34x107 cm/s. This
yields a resistivity anisotropy of !15 for isotropic scat-
tering. We note that the DOS is rapidly changing near
EF and therefore these quantities will be quite sensitive
to the electron filling, structure and other details.

The volume enclosed by the two electron cylinders
(equal to that enclosed by the hole sections) corresponds
to 0.26 electrons per cell (0.13 per formula unit). EF lies
just above a peak in the DOS, which leads to a rapidly
decreasing DOS with energy. This peak is associated
with a van Hove singularity from the 3D hole pocket,
which becomes cylindrical as EF is lowered. The calcu-
lated value at EF is N(EF )=2.62 eV!1 per formula unit
both spins. The corresponding bare susceptibility and
specific heat coe!cient are !0=8.5x10!5 emu/mol and
"0=6.5 mJ/mol K2 Thus LaFeAsO is a low carrier con-
centration, high density of states superconductor. This is
in contrast to the cuprates, which have high carrier con-
centration (near half filling with large Fermi surfaces)12

and lower density of states. Recent experimental data
also indicates low carrier concentration.13,14,15 Electron
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we examine the resonant X-ray emission spectra (RXES)
at Fe L-edge and non-resonant oxygen and fluorine K-
emission and absorption spectra of undoped and fluorine
doped LnOFeAs (Ln=La, Sm), providing an experimen-
tal indication of the distribution of Fe 3d, O 2p and F 2p
occupied and vacant electronic states.

I. EXPERIMENTAL AND COMPUTATIONAL
DETAILS.

Polycrystalline samples with nominal composition
SmO1!xFxFeAs (x=0.05, 0.15) were synthesized by a
conventional solid state reaction using high purity SmAs,
SmF3, Fe and Fe2O3 as starting materials. SmAs was ob-
tained by reacting Sm chips and As pieces at 600" C for
3 hours and then 900" C for 5 hours. The raw materials
were thoroughly grounded and pressed into pellets. The
pellets were wrapped into Ta foil and sealed in an evac-
uated quartz tube. They were then annealed at 1160" C
for 40 hours. With the exception of the annealing, the
sample preparation process was carried out in a glove box
with a high-purity argon atmosphere. The synthesis of
the LaO1!xFxFeAs (x=0, 0.13), is identical except for
the substitution of LaAs and LaF3 in the starting ma-
terials. For a more complete description of the sample
preparation see Ref. 4.

The soft X-ray absorption and emission measurements
of the fluorine doped LaOFeAs and SmOFeAs were per-
formed at the soft X-ray fluorescence endstation at Beam-
line 8.0.1 of the Advanced Light Source at Lawrence
Berkeley National Laboratory [18]. The endstation uses a
Rowland circle geometry X-ray spectrometer with spher-
ical gratings and an area sensitive multichannel detec-
tor. We have measured the resonant and non-resonant
Fe L2,3 (3d4s ! 2p transition) and non-resonant F K!
and O K! (2p ! 1s transition) X-ray emission spectra
(XES). The instrument resolution for F K! and Fe L2,3

X-ray emission spectra was 0.8 eV and for O K! XES –
0.5 eV. X-ray absorption spectra (XAS) were measured
in the total fluorescence mode with a resolwing power
E/!E=5000. All spectra were normalized to the inci-
dent photon current using a clean gold mesh in front
of the sample to correct for intensity fluctuations in the
photon beam. The excitations for the RXES measure-
ments were determined from the XAS spectra; the cho-
sen energies corresponded to the location of the L3 and
L2 thresholds as well as one energy well above resonance.

All band structure calculations were performed within
the full-potential augment plane-wave method as im-
plemented in WIEN2k code [19]. For the exchange-
correlation potential we used gradient approximation [20]
in the Perdew-Burke-Ernzerhof variant. The Brillouin
zone integrations were performed with a 12"12"5 special
point grid and Rmin

MT Kmax=7 (the product of the smallest
of the atomic sphere radii RMT and the plane wave cuto"
parameter Kmax) was used for the expansion of the basis
set. The experimentally determined lattice parameters
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FIG. 2: Soft X-ray spectra of constituents of LaOFeAs: Oxy-
gen K-emission and absorption spectra of LaOFeAs (lower
panel) and resonantly excited Fe L3 X-ray emission spectrum.

as well as internal positions of LaOFeAs (a=4.03007 Å,
c=8.7368 Å) [3] were used. The spheres radii were
chosen RFe=2.40, RAs=2.13, RLa=2.35, RO=2.09 and
RF =2.09 a.u. They were chosen in such a way that the
spheres are nearly touching. To calculate band structure
of LaO7/8F1/8FeAs we constructed a 2a " 2a " c super-
cell (where a and c are experimentally determined lattice
parameters of LaO0.92F0.08FeAs [21]) in which one of oxy-
gen atoms was replaced by fluorine atom. The resulting
unit cell has a lower symmetry than initial unit cell of
LaOFeAs: space group P-4m2 (115). Calculations of the
electronic structure of LaO7/8FeAs were performed for
the same crystal structure as for LaO0.92F0.08FeAs but
with a vacancy in place of fluorine atom. The inclusion
of this vacancy in the supercell does not change its sym-
metry from that of the previous supercell. For the com-
parison with the experimental spectra the obtained DOS
curves were broadened with Lorentz functions of width
0.3 eV.

II. RESULTS AND DISCUSSION.

A. Undoped LaOFeAs.

The oxygen K-emission and absorption spectra of un-
doped LaOFeAs are presented in Fig. 2. The calcu-
lated partial density of states (DOS) of LaOFeAS are are
shown in Fig. 3. The comparison of experimental oxygen
K-emission and absorption spectra and calculated O 2p
DOS shows a good correspondence. As seen, in the vicin-
ity of the Fermi level Ef (determined as an intersection of
O K! XES and O 1s XAS) the occupied O 2p-states are
negligible and mostly are concentrated at the middle of

Fe 3d peak at 4eV below
E_F:
Lower Hubbard 
band

LDA and Experiment
show no Fe 3d
lower Hubbard band

Where’s Mott?
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Fe-pnictides
Parent compound: 

Bad metal

Intermediate Coupling
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how far can one get with local moments?

J2 > J1/2

Two interpenetrating
AF sublattices 〈!〉 #= 0

〈n1〉 = 〈n2〉 = 0

`nematic’
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signs of J along
x and y axes???)



Problem?

25

itinerant model local picture
(different
signs of J along
x and y axes???)



Problem?

25

itinerant model local picture
(different
signs of J along
x and y axes???)



26

Is there a simple model
that captures this physics?

localized/extended electrons+Hund’s coupling

unfrustrated 
magnetism, 
SPT, RA

orbital 
ordering
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A new scenario: itinerant-localized 
dichotomy

J. Wu, P. Phillips, A. Castro-Neto, PRL(2008); 
Z.-Y.  Weng et.al., arXiv:0811.4111, 
Q. Si, et.al. arXiv: 0901.4112.
J. Dai. et.al., arXiv: 0901.2787
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A new scenario: itinerant-localized 
dichotomy

Localized electrons 
(incoherent, gapped)
magnetic order

Itinerant electrons
(coherent, ungapped)
Metallic state

J. Wu, P. Phillips, A. Castro-Neto, PRL(2008); 
Z.-Y.  Weng et.al., arXiv:0811.4111, 
Q. Si, et.al. arXiv: 0901.4112.
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A new scenario: itinerant-localized 
dichotomy

Localized electrons 
(incoherent, gapped)
magnetic order

Itinerant electrons
(coherent, ungapped)
Metallic state

But how ?

J. Wu, P. Phillips, A. Castro-Neto, PRL(2008); 
Z.-Y.  Weng et.al., arXiv:0811.4111, 
Q. Si, et.al. arXiv: 0901.4112.
J. Dai. et.al., arXiv: 0901.2787
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1.) Why magnetic moments 
are so small?

J. Wu, P. Phillips, A. Castro-Neto, Phys. 
Rev. Lett. 101,126401(2008)
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Why?

Antiferromagnetic magnetic Order
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Why small magnetic moments are so 
striking?

No way to get 0.36µB given Hund’s rules: Fe2+ 6 electrons 
on 5 orbitals (local moments)

High spin configuration Low spin configuration

4µB 2µB



0.36µB

0.02µB

PRB, vol. 78, 094517 (2008).

Origin of residual moment along z-axis??

Why?

a-b plane

122, 1111(La)
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 Spin-Orbit interaction

L

S

As: Vspin-orbit=0.4 eV
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Key structure: 
Fe-As plane

arXiv: 0812.0302
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Key structure: 
Fe-As plane

arXiv: 0812.0302
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A hint
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A hint As 4p-Fe 
3d 
hybridisat
ion is 
crucial
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spin-orbit+
pd hybridization+
crystal field



New way to arrange electrons in  As-Fe band:
(by diagonalizing the above Hamiltonian)

    Sketch of the energy levels of 
the Fe 3p and As 4p hybridized 
levels after the inclusion of spin-
orbit coupling, p-d hybridization, 
and the monoclinic  crystal field 
distortion.  
       Only the Γ15 p-levels of Fe 
hybridize with the As 4p  levels.  
The Γ12 levels remain non 
bonding. 
        Each of the hybridized 
levels is doubly degenerate, 
though not an eigenstate of 
Sz.The only hybridized level 
which is an eigenstate of Sz is E0.  
The  lowest-energy configuration 
of the spins in E0 and E2 is 
indicated.  As a result, only the 
x-y component produces a non-
zero moment.  
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Hamiltonian in orbital basis:

t1

t2

U1

U2

Eigenstate 
of Spins



  Magnitude of parameters

  

(a) Energy levels, 
(b) hopping matrix 
elements, on-site 
interactions, (c) 
intra-band 
interaction and (d) 
spin components 
as a function of 
hybridization M. 
Shown in the inset 
of (c) is the on-site 
interaction U2 as a 
function of the 
crystal field 
(monoclinic 
distortion).
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Hamiltonian in new basis

t1
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E2
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NOT 
Eigenstate 
of Spins
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Hamiltonian in new basis

On E2 level, U2¼ 3 eV, so electrons are localized
On E0 level, U1¼ 0.5 eV, so electrons are itinerant

t1

t2

U1

U2

t12U12

E0

E2

Eigenstate 
of Spins

NOT 
Eigenstate 
of Spins
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Why the magnetic moments are so 
small?

µz=0.06µB µxy=0.25µB agree with experiments 
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Why the magnetic moments are so 
small?

Localized magnetic moments are 
screened by the itinerant electrons
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Why the magnetic moments are so 
small?

Localized magnetic moments are 
screened by the itinerant electrons

We also get the minimal model: 
     Itinerant-localized dichotomy

t2

U
1

U2

t12 U12

t1
Itinerant 

Localized
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Itinerant-localized dichotomy 

Itinerant electrons interact 
with each other by propagating magnons in localized level

Kondo coupling
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2.) What causes the structural 
phase transition and
resistivity anomaly?

W. Lv, J. Wu, P. Phillips, PRB, 80, 
224506 (2009)
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Resistivity Anomaly

● Structural Phase Transition
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SPT is insensitive to 
external magnetic field
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       What breaks 
symmetry in x-y plane?
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       What breaks 
symmetry in x-y plane?

orbital ordering

F. Krüger, et al. PRB (2009)
R.R.P. Singh, arXiv:0903.4408
W. Lv, et al. PRB (2009)
A.M. Turner, et al. PRB (2009)
C.-C. Lee, et al. PRL (2009)
……
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Orbital ordering (multi-bands)
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dx2-y2, dz2, dxy, with the 
rotational symmetry in xy-
plane, will not contribute to 
SPT.

Orbital ordering (multi-bands)
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b)

a)

c)

Coulomb Repulsion:

Energy Difference:



HSPT = !JSPT

!

!i,j"

MiMj

Mi = ±1, i = dyz, dxz
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SPT in Ising Universality Class



SPT-induced Collinear AF



SPT-induced Collinear AF

a)

spin
disordered
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b)a)

spin
disordered
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spin
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SPT-induced Collinear AF

b)a)

spin
disordered



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) = δMi,Mj (J1bδMi,1 + J1aδMi,−1)

J1y (Mi,Mj) = δMi,Mj (J1aδMi,1 + J1bδMi,−1)

J2 (Mi,Mj) = δMi,MjJ2
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SPT-induced magnetism

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

transport anisotropies



• Polarized ARPES

Shimojima, et al.   
arXiv:0904.1632

Orbital-polarized Fermi surface in antiferromagnetic state of 

BaFe2As2 
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• Polarized ARPES

dxz in domain A 
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(a) PM state:

1. dxz, dyz degenerate

2. Fermi surface is 
composed by 
multiple orbitals

(b) AF state:

1. Localized moment 
is formed by dxz

2. Fermi surface is 
orbital-polarized

minority spins

majority spins
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OO-induced anisotropies

T.-M. Chuang, et al. 
Science (2010) 

FM easy axis!



• STM

OO-induced anisotropies

T.-M. Chuang, et al. 
Science (2010) 

FM easy axis!



• STM

OO-induced anisotropies

• Resistivity
 J.-H. Chu, et al. 
arXiv:1002.3364 

AF is easy axis!
T.-M. Chuang, et al. 

Science (2010) 

FM easy axis!
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Tetragonal : Even occupancy of two degenerate 
                           orbitals dxz and dyz 

Orthorhombic : Break the degeneracy of two orbitals 
                               dxz and dyz , occupy only one orbital

Jahn-Teller Effect (orbital ordering)

A gap open between dxz and dyz 
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Resistivity Anomaly

two-level system:
Kondo-like problem



A Two-level System
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Kondo effect
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Resistivity anomaly
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Resistivity anomaly
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Resistivity anomaly

Opening of the 
gap makes 
scattering difficult;
Resistivity 
decreases 



4

a)

b)

FIG. 4: (Color online) a) scaling of the coupling constants vi

with respect to bandwidth D. b) energy gap and resistivity
as a function of temperature T . (The experimental data of
resistivity are extracted from Ref. [2].) Setting the resistivity
at T = 150K of our model equal to that of the experiment
was the only fitting parameter.

where v0 is scale invariant and vz(u) satisfies

u = !
1

4vz(u)
+ ln

!

D0

kBTk

"

(10)

with the Kondo temperature Tk identified as

kBTk = D0

!

vx(0)

4vz(0)

"1/4vz(0)

. (11)

Using the parameters vz(0) = 0.33, vx(0)/vz(0) =
0.001, vy(0) = 0 and D0 = 665 K [21], we obtained
the scaling flows of vx, vy and vz shown in Fig. 4(a),
for E = 0 K. The corresponding Kondo temperature is
Tk = 1.24 K. Reducing the bandwidth D, the system
goes from weak to strong coupling. The resistivity due
to the scattering of the two-level system can be calculated
based on these renormalized vertices as in Ref. [21]. At
high temperature, we have two degenerate levels, dxz and
dyz. When the temperature is reduced, the scattering
from the states closer to the chemical potential increases,
leading to a resistivity upturn of log T [22] as in the
Kondo model. However, upon the onset of the SPT, a gap

opens between the two levels. If the bandwidth D is less
than the gap E, the off-diagonal scattering is not allowed,
since there are no states for the electrons to be scattered
into. As a consequence, the scaling terminates at D = E.
The electrons within the bandwidth E will no longer con-
tribute to the resistivity. This is the mechanism behind
the resistivity anomaly. Our result is shown in Fig. 4(b),
which is in good qualitative agreement with experiment.
We set the tunneling rate ∆0 = 2 K, and the energy split-

ting takes the form ∆(T ) = ∆(0)
#

1 ! (T/TSPT)2 where

∆(0) = TSPT = 150 K when T < TSPT. It should be
noted that the overall behavior of the scaling flows and
the resistivity are independent of the chosen parameters.
This represents the first explanation of the SPT and RA
for the iron pnictides.

To conclude, we have proposed that the SPT and RA in
the iron pnictides are due to the opening of a gap between
two otherwise degenerate orbitals. Consequently, the
mechanism proposed here is independent of an applied
magnetic field as is seen experimentally[2]. The stripe-
like SDW only forms in a ferro-orbital-ordered state after
the SPT. This is the reason why these three phenomena
are closely related and almost always coincide with one
another. In doped materials, extra electrons or holes will
break the uneven occupations of dxz and dyz , thus dimin-
ishing the Jahn-Teller effect. So the SPT, RA and SDW
will all become less pronounced and shift to lower tem-
perature, eventually vanishing at some critical doping.
These are all observed experimentally, lending credence
to our model.

We thank the NSF Grant. No. DMR0605769 for par-
tial funding of this work.
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Orbital-ordering

Structural Phase Transition

Resistivity anomaly
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• A local-itinerant model

Isotropic strongly 
frustrated J1-J2 model

Doubly-degenerate 
dxz and dyz type orbitals:

Ferromagnetic 
Hund’s couplings JH

consistent with the local 
multiplet structure:

J. Wu, et al. PRL (2008) 
J. Dai, et al. PNAS (2009) 
S.-P. Kou, et al. EPL (2009) 
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• Effective spin model:
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• Fitting to an anisotropic Heisenberg model:

For large JH, 
magnetism is 
unfrustrated!

• Comparison with experiments:

emergent ferro-orbital order
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Remaining issues

1.) Expt. AF direction is 
the easy axis

2.) Pairing Mechanism

b

a
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OO-induced anisotropies

T.-M. Chuang, et al. 
Science (2010) 

FM easy axis!
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• STM

OO-induced anisotropies

T.-M. Chuang, et al. 
Science (2010) 

FM easy axis!
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• STM

OO-induced anisotropies

• Resistivity
 J.-H. Chu, et al. 
arXiv:1002.3364 

AF is easy axis!
T.-M. Chuang, et al. 

Science (2010) 

FM easy axis!
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nematic

not nematic
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Pairing Mechanism?
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What is the pairing 
mechanism?

J. Wu, P. Phillips, arXiv:0901.3538
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Fermi surface sheets
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Pairing Mechanism?

magnons not phonons
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k

-k

k’

-k’

Intra-band interaction
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Properties of magnon-mediated 
interaction

1) Both repulsive (due to spin-flip);
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1) 2 inter-band scattering bring attractive 
interaction for each band; 



80

Interpretation I: pairing from 
repulsive interaction

1) 2 inter-band scattering bring attractive 
interaction for each band; 

Propagating one magnon



80

Interpretation I: pairing from 
repulsive interaction

1) 2 inter-band scattering bring attractive 
interaction for each band; 

J. Appel and A. W. Overhauser 
Physica B 199 & 200, 310(1994)

Propagating one magnon Propagating two magnons
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Properties of magnon-mediated 
interaction

2) Inter-band>>intra-band

Intra-band Inter-band
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FIG. 1: a) Fermi surfaces and Cooper pairs (CP) of Iron-
based SC on the folded Brounian Zone. Two hole pockets
(!,") on ! point and two electron pockets (#1,#2) at M point
are determined by dispersion relation E±

k = µ and E±
k+Q = µ

respectively. Of two possible interband CP scattering process,
(k !,"k #) scatted to (k

!!
#,"k

!!
!) and (k !,"k #) scatted

to (k! + Q #,"k! + Q !), only the first case are momentum
conserved. b) Interaction vertex mediated by magnon. c)
Attractive interaction mediated by interband scattering.

agrees with earlier work by Schrie!er31. Fortunately, the
inter-band scattering is enhanced in this case which will
play the key rule in the pairing mechanism.

We emphasize that !k is the bare spectrum of the elec-
tron in the itinerant level. If we consider the two-band
tight binding model32, we have the following electronic
spectrum,

"±(k) = !+(k) ±
!

!2!(k) + !2xy(k) (10)

!±(k) =
!x(k) + !y(k)

2
!x(k) = !2t1 cos kxa ! 2t2 coskya ! 4t3 cos kxa coskya

!y(k) = !2t2 cos kxa ! 2t1 coskya ! 4t3 cos kxa coskya

!xy(k) = !4t4 sinkxa sin kya,

where t1 = !1, t2 = 1.3 and t3 = t4 = !0.8532.
Fermi surfaces in the folded Brillouin zone are shown
in Fig.(1a). Apparently, magnetic order will change the
electronic spectrum. For example, # and $2 Fermi sur-
faces are determined by "!(k) = µ and "+(k) = µ re-
spectively if no magnetic order. In the presence of an-
tiferromagnetic order, they are determined by E!

k = µ
and E+

k = µ instead.

B. Magnon-Mediated Interaction

There is of course an extreme similarity between the
various contributions to Eq. (5) and the electron-phonon
Hamiltonian used in BCS. In this case, the phonons are
replaced by magnons and the interactions in Hxy

sf involve
spin flips. It is from this term that the dominant interac-
tions arise. Treating this term perturbatively to second

order, we obtai the amplitude

V!,!! = ! (2J2S)%(q)|f!,!!(k,k",P)|2"
(E!

k! ! E!
k)2 ! %2(q)

# , (11)

for the scattering of an electron pair with momenta
(k,!k) to one with momenta (k",!k"). In Eq. (11),
q = k" ! k. Regardless of the momentum transfer, the
interaction arising from magnon scattering is always re-
pulsive as a result of the minus sign in front of Eq. (11).
This crucial di!erence25 with the phonon-mediated in-
teraction in BCS arises from the spin-flip nature of the
magnon scattering.

Nonetheless, superconductivity with sign-reversal
order parameters at di!erent Fermi surfaces is still
possible even though the scattering processes are
repulsive. To establish this we consider the sep-
arate amplitudes for inter-band (between the M
and " points) and intra band (within the M or "
points) scattering processes. Intraband scattering
dominates in the long wavelength limit. Rewriting
qx = q cos& and qy = q sin&, we have that %(q) =

2Sq
!

(2J2 + J1)
$
(2J2 ! J1) cos2 & + (2J2 + J1) sin2 &

%
"

2SqF (&) where q = |q|. For the intraband scattering,
E!

k! ! E!
k # 0. Consequently, the magnon-mediated

interaction is of the form,

Vii(k,k") =
(J2)|f!,!!(k,k")|2

qF (&)
, (12)

where the subscript ii denotes ee for intra-band scat-
tering within an electron pocket and hh for scattering
within a hole pocket. We compare this amplitude to that
for inter-band scattering. The only interband scattering
process that is momentum conserving involves the scat-
tering of an electron pair from the hole pocket at " to
two di!erent electron pockets such that the final pair has
momentum (k" + Q $,!k" ! Q %). For the interband
scattering, we still have E!

k! ! E!
k # 0 but because the

momentum carried by the magnon is Q+q, quantitative
di!erences,

Veh(k,k") =
(J2)|f!,!!(k,k")|2

qG(&)
, (13)

arise with the intra-band scattering amplitude. Here,
G(&) =

&
2J2(2J2 + J1). Note the presence of the in-

verse q dependence seems to make both the intra-band
and inter-band interaction very large at small q limit.
However, fµ!(k,k") have a quite di!erence dependence
on q. Due to the Adler’s theorem33, the interaction in-
duced by an exchange of a Goldstone excitation (here,
it is magnon) is proportional to the transferred momen-
tum. For intra-band, the transferred momentum is q.
So the interaction vanishes as q approaches zero. But
for inter-band interaction, the transferred momentum is
Q + q. This is nonzero even though q approaches zero.
Since F (&) and G(&) are of the same order, we can con-
clude that the inter-band interaction will dominate the
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FIG. 1: a) Fermi surfaces and Cooper pairs (CP) of Iron-
based SC on the folded Brounian Zone. Two hole pockets
(!,") on Γ point and two electron pockets (#1,#2) at M point
are determined by dispersion relation E±

k = µ and E±
k+Q = µ

respectively. Of two possible interband CP scattering process,
(k !,"k #) scatted to (k

!!
#,"k

!!
!) and (k !,"k #) scatted

to (k! + Q #,"k! + Q !), only the first case are momentum
conserved. b) Interaction vertex mediated by magnon. c)
Attractive interaction mediated by interband scattering.

agrees with earlier work by Schrie!er31. Fortunately, the
inter-band scattering is enhanced in this case which will
play the key rule in the pairing mechanism.

We emphasize that !k is the bare spectrum of the elec-
tron in the itinerant level. If we consider the two-band
tight binding model32, we have the following electronic
spectrum,

"±(k) = !+(k) ±
!

!2!(k) + !2xy(k) (10)

!±(k) =
!x(k) + !y(k)

2
!x(k) = !2t1 cos kxa ! 2t2 coskya ! 4t3 cos kxa coskya

!y(k) = !2t2 cos kxa ! 2t1 coskya ! 4t3 cos kxa coskya

!xy(k) = !4t4 sinkxa sin kya,

where t1 = !1, t2 = 1.3 and t3 = t4 = !0.8532.
Fermi surfaces in the folded Brillouin zone are shown
in Fig.(1a). Apparently, magnetic order will change the
electronic spectrum. For example, # and $2 Fermi sur-
faces are determined by "!(k) = µ and "+(k) = µ re-
spectively if no magnetic order. In the presence of an-
tiferromagnetic order, they are determined by E!

k = µ
and E+

k = µ instead.

B. Magnon-Mediated Interaction

There is of course an extreme similarity between the
various contributions to Eq. (5) and the electron-phonon
Hamiltonian used in BCS. In this case, the phonons are
replaced by magnons and the interactions in Hxy

sf involve
spin flips. It is from this term that the dominant interac-
tions arise. Treating this term perturbatively to second

order, we obtai the amplitude

V!,!! = ! (2J2S)%(q)|f!,!!(k,k",P)|2"
(E!

k! ! E!
k)2 ! %2(q)

# , (11)

for the scattering of an electron pair with momenta
(k,!k) to one with momenta (k",!k"). In Eq. (11),
q = k" ! k. Regardless of the momentum transfer, the
interaction arising from magnon scattering is always re-
pulsive as a result of the minus sign in front of Eq. (11).
This crucial di!erence25 with the phonon-mediated in-
teraction in BCS arises from the spin-flip nature of the
magnon scattering.

Nonetheless, superconductivity with sign-reversal
order parameters at di!erent Fermi surfaces is still
possible even though the scattering processes are
repulsive. To establish this we consider the sep-
arate amplitudes for inter-band (between the M
and " points) and intra band (within the M or "
points) scattering processes. Intraband scattering
dominates in the long wavelength limit. Rewriting
qx = q cos& and qy = q sin&, we have that %(q) =

2Sq
!

(2J2 + J1)
$
(2J2 ! J1) cos2 & + (2J2 + J1) sin2 &

%
"

2SqF (&) where q = |q|. For the intraband scattering,
E!

k! ! E!
k # 0. Consequently, the magnon-mediated

interaction is of the form,

Vii(k,k") =
(J2)|f!,!!(k,k")|2

qF (&)
, (12)

where the subscript ii denotes ee for intra-band scat-
tering within an electron pocket and hh for scattering
within a hole pocket. We compare this amplitude to that
for inter-band scattering. The only interband scattering
process that is momentum conserving involves the scat-
tering of an electron pair from the hole pocket at " to
two di!erent electron pockets such that the final pair has
momentum (k" + Q $,!k" ! Q %). For the interband
scattering, we still have E!

k! ! E!
k # 0 but because the

momentum carried by the magnon is Q+q, quantitative
di!erences,

Veh(k,k") =
(J2)|f!,!!(k,k")|2

qG(&)
, (13)

arise with the intra-band scattering amplitude. Here,
G(&) =

&
2J2(2J2 + J1). Note the presence of the in-

verse q dependence seems to make both the intra-band
and inter-band interaction very large at small q limit.
However, fµ!(k,k") have a quite di!erence dependence
on q. Due to the Adler’s theorem33, the interaction in-
duced by an exchange of a Goldstone excitation (here,
it is magnon) is proportional to the transferred momen-
tum. For intra-band, the transferred momentum is q.
So the interaction vanishes as q approaches zero. But
for inter-band interaction, the transferred momentum is
Q + q. This is nonzero even though q approaches zero.
Since F (&) and G(&) are of the same order, we can con-
clude that the inter-band interaction will dominate the

transferred momentum

q Q+q
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Why S±-pairing symmetry?

• From gap equation:

• Eigenvalue:

• Order parameters:
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Interpretation II: Invert sign

2) phase-shift for different bands   
   depends on the sign of inter-band hopping
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How to detect S±-pairing 
symmetry ? 

J. Wu, P. Phillips,
Phys. Rev. B 79, 092502 (2009) 
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Phase sensitive measurement

D.J. Van Harlingen, PRL,1995

+

+

+

-
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Ordinary corner Josephson junction 
cannot tell the inverse sign 

(still A1g symmetry)

arXiv: 0812.3295
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Principle of SIS junction
     Supercondutor-Insulator-Superconductor(SIS) Junction can 

only measure order parameters perpendicular to the surface of 
the junction.

(0,0)

(0,0)

(π,π)
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Modified corner Josephson junction

+

-

Δ0>0

Δ0-Δ1<0
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How to test?
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900 JJ
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How to test?

Ordinary
900 JJ

modified
1350 JJ
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Summary

Key properties for Iron-pnictides:
(1) Fe-As trilayers
 
(2) Multi-bands

(3) Intermediate 
      coupling
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Summary

Key properties for Iron-pnictides:
(1) Fe-As trilayers
 
(2) Multi-bands

(3) Intermediate 
      coupling

Itinerant-localized 
dichotomy

Orbital Ordering
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Arsenic 
and Old 

Lace

Itinerant 
electrons

Localized 
electrons

"I'm not a Brewster, I'm a son of a sea cook!"[

What are the pnictides Really?

http://en.wikipedia.org/wiki/Arsenic_and_Old_Lace_%28film%29#cite_note-2
http://en.wikipedia.org/wiki/Arsenic_and_Old_Lace_%28film%29#cite_note-2
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Arsenic 
and Old 

Lace

Itinerant 
electrons

Localized 
electrons

?

What are the pnictides Really?
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Are the pnictides important?

Cuprates,
single-orbital
Mott-system,
low-moment,
high T_c

manganites
multi-orbital
high-moment
no T_c

pnictides
multi-orbital
low-moment
moderate
 T_c
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Are the pnictides important?

Cuprates,
single-orbital
Mott-system,
low-moment,
high T_c

pnictides
multi-orbital
low-moment
moderate
 T_c

Multi-orbital
Mott system,
low-moment
??? T_c
EFRC Center


