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Correlated electrons and Mott transition 

Mott insulators are predicted metallic by DFT 
electrons are localized by correlations  
(V2O3, Fullerenes, Cuprates…) 
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-  coherence Temperature 
- U very strong (U>Uc): Mott Insulator 

- Effective mass 
independent electrons à Fermi liquid 

V2O3 

Limelette et al. Science 2003 
 

The proximity to a Mott state strongly 
affects the properties of a system: 
 
•  reduced metallicity (Z~x) 
•  mass enhancement 
•  transfer of spectral weight from low to 
high energy (e.g. in optical response) 
•  tendency towards magnetism 
•  … 
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Spectrum of charge excitations 



Correlated materials: 3d, 4d, 5d, 4f, 5f electrons at the Fermi level 
 

Orbital degeneracy is often lifted (partially or totally) by the crystal-field 
Several correlated orbitals remain relevant for the low-energy physics 
 

Example: transition metal oxides   

Example for 3d electrons : Iron-SC vs cuprates 
 

The local coulomb interaction is 
different depending on the 
electrons occupying the same 
or a different orbital, and on the 
mutual spin direction 
 

Hund’s coupling “J” is a measure 
of this difference 

Multi-orbital systems and Hund’s coupling 

•  Realized at  
  every integer filling  
•  Uc grows with 

degeneracy 

Mott transition in multi-orbital models,  
(Lu ‘94, Rozenberg ‘95, Florens et al.’02, …)  
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Hund’s rules: atoms 

 
Hund’s Rules 
 
In open shells: 

1.  Maximize total spin S 
2.  Maximize total angular 

momentum T 
(3. Dependence on J=T+S,  
Spin-orbit effects) 

Aufbau 
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Tight-binding modeling of the low-energy physics 

Many more parameters compared to the one band case: 
Coulomb and Hund’s couplings, several bandwidths, crystal-field splitting…  

Difficulty lies in dealing with the localized (atomic) and itinerant nature of 
electrons on equal footing 
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Techniques: Dynamical Mean-field Theory 

Self-consistency condition 

Impurity model 

DMFT: use of a self-consistent impurity model to calculate the local correlators  
(exact in the infinite coordination limit) 

Cheaper alternative: Slave-Spin mean-field  
 (e.g. as phase diagram surveyor) 
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Reviews:  
  DMFT           Georges et al. RMP’96 
  Cluster DMFT  Maier et al. RMP’05 
  LDA+DMFT     Kotliar et al. RMP’06 

LdM et al. PRB’05 
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Metzner & Vollhardt ‘89, Georges & Kotliar ’92, Jarrell ‘92 



Techniques: Slave variables mean fields 

Recipe: 
•  Enlarge the local Hilbert space (new variables + constraint) 
•  Treat the constraint on average 
•  Decouple the pseudo-fermions from the slave variables 

(renormalized non-interacting fermionic model) 
•  Treat the slave variables in a local mean-field 

Examples: 
•  Slave Bosons (Kotliar and Ruckenstein) 
•  Slave Rotors  (Florens and Georges) 
•  … 
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The Slave Spin Mean Field 

•  Hilbert Space mapping 

•  Choice of the operators 
Constraint: 
Lagrange multiplier 
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Hint 
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Slave-spins mean-field 

Mean-field equations (Half-filling,  
slightly different off-half-filling) 

 

+Hint[S]

Mean-field approximation : - decoupling f and S 
     - static and uniform Lagrange multiplier 
     - local mean-field on S 
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Benchmarks�
 

Atomic limit: Coulomb staircase 
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Benchmarks�
 

Atomic limit: Coulomb staircase 

Hubbard model: Mott transition 
(Brinkman-Rice scenario) 

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.5  1  1.5  2  2.5  3  3.5  4

DMFT

Slave-Spins

Z

U/D

H = �t
X

hiji,�

(d†i�di� + h.c.)

+U
X

i

ni"ni#

                                                              Luca de’ Medici  



Benchmarks�
 

Atomic limit: Coulomb staircase 

Hubbard model: Mott transition 
(Brinkman-Rice scenario) 

Mott transition: 
 N orbitals 
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Benchmarks�
 

Atomic limit: Coulomb staircase 

Hubbard model: Mott transition 
(Brinkman-Rice scenario) 

Mott transition: 
 N orbitals 
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Generalization off half-filling 

Coincident in one-band models with Slave 
Bosons mean-field (Gutzwiller approximation) 

Is no longer a good choice (bad non-interacting 
limit) 

Good choice: 
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Comparison with similar techniques�
 

Number of auxiliary variables: 
 Slave Bosons: 22N 

 Slave Spin: 2N 
 Slave Rotors: 1 (only for totally degenerate systems) 

 

Number of non-physical states in the enlarged Hilbert space: 
 Slave Bosons:  
 Slave Spin: finite 
 Slave Rotors:  

1

1
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NATURE PHYSICS DOI: 10.1038/NPHYS1759 REVIEW ARTICLE

Box 1 |The iron-based superconductor family.

Iron, one of the most common metals on earth, has been known
as a useful element since the aptly named Iron Age. However,
it was not until recently that, when combined with elements
from the group 15 and 16 columns of the periodic table (named,
respectively, the pnictogens, after the Greek verb for choking,
and chalcogens, meaning ‘ore formers’), iron-based metals were
shown to readily harbour a new form of high-temperature su-
perconductivity. This general family of materials has quickly
grown to be large in size, with well over 50 different compounds
identified that show a superconducting transition that occurs
at temperatures approaching 60K, and includes a plethora of
different variations of iron- and nickel-based systems. So far, five
unique crystallographic structures have been shown to support
superconductivity. As shown in Fig. B1a, these structures all
possess tetragonal symmetry at room temperature and range
from the simplest �-PbO-type binary element structure to more
complicated quinternary structures composed of elements that
span the entire periodic table.

The key ingredient is a quasi-two-dimensional layer consisting
of a square lattice of iron atoms with tetrahedrally coordinated
bonds to either phosphorus, arsenic, selenium or tellurium anions
that are staggered above and below the iron lattice to form a
chequerboard pattern that doubles the unit-cell size, as shown
in Fig. B1b. These slabs are either simply stacked together, as in
FeSe, or are separated by spacer layers using alkali (for example,
Li), alkaline-earth (for example, Ba), rare-earth oxide/fluoride
(for example, LaO or SrF) or more complicated perovskite-type
combinations (for example, Sr3Sc2O5). These so-called blocking
layers provide a quasi-two-dimensional character to the crystal

because they form atomic bonds of more ionic character with the
FeAs layer, whereas the FeAs-type layer itself is held together by
a combination of covalent (that is, Fe–As) and metallic (that is,
Fe–Fe) bonding.

In the iron-basedmaterials, the commonFeAs building block is
considered a critical component to stabilizing superconductivity.
Because of the combination of strong bonding between Fe–Fe
and Fe–As sites (and even interlayer As–As in the 122-type
systems), the geometry of the FeAs4 tetrahedra plays a crucial role
in determining the electronic and magnetic properties of these
systems. For instance, the two As–Fe–As tetrahedral bond angles
seem to play a crucial role in optimizing the superconducting
transition temperature (see the main text), with the highest Tc
values found only when this geometry is closest to the ideal value
of ⇥109.47�.

Long-range magnetic order also shares a similar pattern
in all of the FeAs-based superconducting systems. As shown
in the projection of the square lattice in Fig. B1b, the iron
sublattice undergoes magnetic ordering with an arrangement
consisting of spins ferromagnetically arranged along one
chain of nearest neighbours within the iron lattice plane,
and antiferromagnetically arranged along the other direc-
tion. This is shown on a tetragonal lattice in the figure,
but actually only occurs after these systems undergo an
orthorhombic distortion as explained in the main text. In
the orthorhombic state, the distance between iron atoms with
ferromagnetically aligned nearest-neighbour spins (highlighted
in Fig. B1b) shortens by approximately 1% as compared with the
perpendicular direction.

FeSe

LiFeAs
SrFe2As2

Sr3Sc2O5Fe2As2

LaFeAsO/
SrFeAsF

a b

Figure B1 | Crystallographic and magnetic structures of the iron-based superconductors. a, The five tetragonal structures known to support
superconductivity. b, The active planar iron layer common to all superconducting compounds, with iron ions shown in red and pnictogen/chalcogen
anions shown in gold. The dashed line indicates the size of the unit cell of the FeAs-type slab, which includes two iron atoms owing to the staggered
anion positions, and the ordered spin arrangement for FeAs-based materials is indicated by arrows (that is, not shown for FeTe).

of structural parameters, disorder location, chemical bonding and
density. This is one of the key properties that has led to a
rapid but in-depth understanding of these materials. In due time,
controlled experimental comparisons — for instance of Hall effect

(carrier density) under pressure versus doping, of different chemical
substitution series and further understanding of the local nature of
chemical substitution — will help pinpoint the important tuning
parameters for these systems.
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Box 2 | Electronic band structure and pairing symmetry.

Themanner inwhich electrons in a solid behave, in the presence of
one another and the surrounding ionic lattice, is well captured by
one of the staples of condensed-matter physics known as band the-
ory. A metal’s band structure can convey a simple yet quantitative
description of its electronic, optical and structural properties, and
is the basis for understanding many exotic phenomena. In metals,
the energy states that participate in determining most properties
of a material lie in close proximity to the Fermi energy, EF, the
level below which available energy states are filled (and therefore
unavailable) owing to Pauli exclusion.

The band structures of the iron-based superconducting ma-
terials have been calculated using first-principles DFT, finding
good general agreement with experimental measurements (see
main text). The dominant contribution to the electronic density of
states at EF derives from metallic bonding of the iron d-electron
orbitals in the iron–pnictogen (or chalcogen) layer. These form
several bands that cross EF, both electron- and hole-like, resulting
in a multiband system dominated by iron d character. As shown
in Fig. B2a for the case of Co-doped BaFe2As2, the electronic
structure is visualized as several distinct sheets of FSs within the
BZ, each corresponding to a different band that crosses EF.

Instabilities of this electronic structure to bothmagnetic order-
ing and superconducting pairing are widely believed to be at the
heart of the exotic properties of the iron-based superconducting
materials. For instance, in Fig. B2a we can see that a magnetic
ordering vector that spans from the centre of the BZ at k= (0,0)
(0 point) to the corner at k= (⇡,⇡) (M point) will easily nest a
circle of points on each of two different FS sheets (for example,
purple and red sheets), resulting in a spin-density wave order that
is driven by properties of the band structure.

Superconductivity is another very well known phenomenon
that also results in an ‘ordered’ state that has a strong tie to the
band structure. The superconducting order parameter (OP) 1,
or ‘gap function’, is a complex function with both amplitude and
phase that describes the macroscopic quantum state of Cooper
pairs. Its amplitude can in general depend on momentum direc-
tion and can change sign through its phase component, but in the
simplest case is isotropic (s-wave symmetry) and therefore has a
constant value for all momenta. Details of the pairing potential
can instil a less simple case that involves a variation of amplitude
as a function of k, or even a variation in phase that results in a
change in the sign of 1 that necessitates the presence of zeroes
or ‘nodes’ that can take on lower symmetries (d wave, f wave,
and so on).

Figure B2b presents three possible scenarios for the super-
conducting OP symmetry in the iron-based superconductors.
With the simplest s-wave gap symmetry (that is, with constant
phase), widely ruled out by experimental evidence (see main
text), more complicated scenarios are required to explain all
observed properties. In particular, circumstantial evidence sup-
ports a picture where a change in the sign of 1 must occur
somewhere in the BZ. With multiple FSs, which is the case
for FeAs-based materials, this can be realized by positioning
a node either away from the Fermi energy (so-called s±) or
directly at the Fermi energy (d wave or lower symmetry).
Moreover, a modulation of the gap amplitude can occur such
that, even in the s-wave case, so-called accidental nodes are
present on at least some FSs, enabling low-energy excitations
to flourish even at temperatures much below the energy of
the gap.
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a b

Figure B2 | Fermiology and superconducting OP symmetry of 122-type iron-based superconductors. a, FSs of BaFe2As2 with 10% substitution of
Co, calculated using DFT using experimental atomic positions and drawn using the folded BZ representation with two Fe per unit cell (from ref. 49).
The hole-like FS pockets (purple and blue) are centred on the 0 point [k= (0,0)] and the electron-like surfaces are at theM point ([k= (⇡,⇡)).
b, Schematic of the two-dimensional (kx–ky) projection of the BZ of superconducting FeAs-based materials, with multiple bands reduced to single
hole (h) and electron (e) pockets. The proposed multiband pairing gap symmetries, drawn as shaded regions on hole (red) and electron (blue)
pockets, are shown for an s± structure with isotropic gaps (left) and anisotropic gaps with accidental nodes on the electron pocket (middle), and for
a d-wave symmetry (right).

From the itinerant side, most models focus on a spin-density
wave (SDW) instability of the FS. Although there are not many
direct observations of an SDW energy gap, optical studies of
BaFe2As2 and SrFe2As2 have indeed shown evidence for gapping
of the FS below TN (ref. 54). It is widely thought that the SDW
instability arises from the nesting of two FS pockets by a large
Q = (⇡,⇡) vector that is commensurate with the structure. This
vector corresponds to the magnetic ordering vector measured
throughout the FeAs-based parent compounds as well as that
for magnetic fluctuations in the superconducting compounds51,52.

There is varied, but good, evidence for (⇡,⇡) FS nesting across
the entire FeSC family, as indicated by ARPES measurements
of BaFe2�xCoxAs2 (refs 38,55) and Ba1�xKxFe2As2 (refs 31,37)
and quantum oscillation measurements in LaFePO (ref. 56)
and overdoped BaFe2As2�xPx (ref. 57). In addition, the closely
related material FeTe also exhibits nesting in the same (⇡,⇡)
direction, even though its magnetic ordering vector is shifted by
45⇥ at (⇡,0) (ref. 58).

In the parent compounds, there are differing results regarding
the change in band structure through the magnetic transition as

NATURE PHYSICS | VOL 6 | SEPTEMBER 2010 | www.nature.com/naturephysics 649

Ding et al. EPL 2008 

Paglione and Greene, NatPhys2010 

2

FIG. S1: Atomic histogram The atomic histogram of the
Fe-3d shell for (a) FeTe and (b) LaFeAsO in the paramag-
netic state and magnetic states. The 1024 possible atomic
configurations are sorted by the number of 3d electrons of the
individual configuration.

the high spin atomic states gain even more weight, as
seen in Fig. S1.

The valence histogram of a Hund’s metal is fundamen-
tally different from that of an oxide. While only a few
atomic states have a significant probability in an oxide,
Hund’s metals visit a large number of atomic states over
time, resulting in a dramatic (40%) reduction of the mag-
netic moment due to valence fluctuations. A monovalent
histogram with only the atomic ground state would give
iron magnetic moment of 4 µB .

Another interesting feature of Hund’s metals is that
very large number of atomic states has finite probability.
For comparison, in transition metal oxides or in heavy
fermion materials with similar mass enhancement as in
iron pnictides and chalcogenides, the atomic histogram
would contain only a small number of states with signifi-
cant probability [S23]. Since the Hund’s rule coupling J
is equal to 0.8 eV, the energy spread of atomic states at

FIG. S2: Fe 3d DOS Atomic-like Fe 3d DOS for FeTe con-
trasted with actual Fe 3d DOS of LaFeAsO and FeTe com-
puted by DFT+DMFT.

constant N = 5 or N = 6 is very large, of the order of
6−7 eV. Because there are many atomic states with finite
probability that contribute to the one electron spectral
function, and because those states are extended over a
wide energy range, the spectral function does not have a
very well defined atomic like excitations. To demonstrate
this effect, we plot in Fig. S2(a) an atomic spectral func-
tion of Fe 3d orbitals, obtained from the corresponding
atomic Green’s function defined by

G(ω) =
∑

α,m,n

|⟨n|d†α|m⟩|2(Pn + Pm)
ω − En + Em

(1)

where n, m run over all atomic states, and α runs over
Fe 3d orbitals, and Pn are atomic probabilities displayed
in Fig. S1. Clearly, the atomic spectral weight is dis-
tributed over a very large energy range. For comparison,
a typical heavy fermion would have one sharp peak (a
delta function) below the Fermi level, and another peak
above the Fermi level, i.e., a lower and an upper Hubbard
band.[S23]

In Fig. S2(a) we also show the full DFT+DMFT spec-
tral function of the iron atom in the solid for FeTe and
LaFeAsO. One can notice that these spectral functions
have a sharp quasiparticle peak close to the Fermi level.
Due to larger mass enhancement in FeTe, the quasipar-
ticle peak in this compound is substantially smaller than
in LaFeAsO. The rest of the spectral weight does not
have a well defined Hubbard like bands, not because the
rest of the spectra would be coherent, but because of
the unusual atomic histograms of the Hund’s metals. A
small feature around −2 to −1 eV is however noticeably
enhanced in FeTe compared to LaFeAsO. This peak was
identified in Ref. S24 as an atomic-like excitation, which
is found in atomic spectral function at −2.2 eV , and is
related to the excitation from atomic ground state of d6

3

to atomic ground state of d5.

FIG. S3: DOS and magnetic moment: (a) Total density
of states at the Fermi level in the PM phase computed by DFT
and DFT+DMFT. (b) The magnetic moment calculated by
DFT with both LSDA and GGA exchange-correlation func-
tionals in both the SDW phase and DSDW phase. The fluc-
tuating moment in the PM phase calculated by DFT+DMFT
and the experimental magnetic moment in the magnetic states
which are shown in Fig1(a) in the manuscript and reproduced
here for easier comparison.

In the manuscript, we showed that one important fac-
tor in determining the size of the magnetic moment is
the quasiparticle mass enhancement. Clearly the heavier
quasiparticles with smaller quasiparticle effective width
are more prone to ordering. It is interesting to inspect
also the ”quasiparticle height”, i.e., the value of the one-
electron spectral function at the Fermi level. In Stoner
theory, this value plays a crucial role in determining the
critical temperature and the size of the ordered moment.
In Fig. S3(a) we show the value of the density of states
at the Fermi level in the paramagnetic state as obtained
by both DFT and DFT+DMFT. Clearly, large density
of states at the Fermi level is more compatible with
the small moment rather than large moment (shown in

Fig. S3(b)), which disfavors Stoner theory for explanation
of the trends in magnetic states across iron pnictides and
chalcogenides.

We also show in Fig. S3(b) the magnetic moment in
the SDW and DSDW phases calculated by DFT with
both the local spin density approximation (LSDA[S25])
and generalized gradient approximation (GGA[S26]) ex-
change correlation functionals. We also repeat the para-
magnetic fluctuating moment and the experimental static
ordered moments from the manuscript for better compar-
ison. It is clear from Fig. S3(b) that the DFT calculated
magnetic moments roughly follows the trend of the fluc-
tuating moment in the PM state, but is very different
from the static ordered moment, as already pointed out
by Ref. S27.

Optical properties

FIG. S4: Plasma frequency. The PM in-plane plasma
frequency ωab and out-of-plane plasma frequency ωc for
various iron pnictides and iron chalcogenides calculated by
both DFT+DMFT and DFT. The experimental PM in-plane
plasma frequencies are taken from Ref. S28–31.

Now we turn to the plasma frequencies in the para-
magnetic state of iron pnictide and chalchogenide com-
pounds, shown in Fig. S4. We show separately the
in-plane and c-axis values, as obtained by both the
DFT+DMFT and DFT calculations. We also plot the ex-
perimentally determined in-plane values from Refs. [S28]
for Na1−δFeAs, [S29] for BaFe2As2 and SrFe2As2, [S30]
for LaFeAsO, and [S31] for LaFePO. The DFT+DMFT
calculated in-plane plasma frequencies agree well with
existing optical measurements, but are significantly re-
duced from the DFT values, showing the important of
correlation effect. The extracted plasma frequencies in
the DFT+DMFT calculation for FeTe are most strongly
reduced from DFT values, and bear bigger error bars due
to the fact that the scattering rate in FeTe is so large that
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induced spin-state crossover which arises due to the compe-
tition between!CF and JH. Our findings seem to suggest that
spin-state degeneracy could be important for the understand-
ing of iron pnictides, as recently proposed by Chaloupka and
Khaliullin [27].

The XES measurement was performed at the Advanced
Photon Source on the undulator beam line 9ID-B using an
identical setup as in Ref. [28]. The XANES spectra in the
partial fluorescence yield mode (PFY-XANES) was mea-
sured by monitoring the Fe K! emission line across the Fe
K edge. X-ray diffraction measurements were performed
using a Cu tube source with a graphite (002) monochro-
mator, and a four-circle diffractometer. For all temperature
dependence studies, closed-cycle refrigerators were used.
Details of the growths and characterization of the single-
crystal samples have been reported in earlier publications
[23,29].

The local moment sensitivity of the FeK! emission line
(3p ! 1s) originates from a large overlap between the 3p
and 3d orbitals. This interaction is mainly driven by the
presence of a net magnetic moment (") in the 3d valence
shell [30,31] and causes theK! emission line to split into a
main peak K!1;3 and a low-energy satellite K!0. A sche-
matic diagram of the Fe K! emission process is shown in
the Fig. 1(a) inset for both nonmagnetic (red, left) and
magnetic (blue, right) Fe2þ in the atomic limit. Filled
and empty circles represent electrons and holes, respec-
tively, and !E represents the splitting of K!1;3 and K!0.
Information on the local moment of Fe can be extracted
using the overall shape of the Fe K! emission spectra by
applying the integrated absolute difference (IAD) analysis
[32]. In Fig. 1(a) we demonstrate how this method works
by showing Fe K! XES data for the Nd-doped sample
taken at T ¼ 300 K along with a nonmagnetic FeCrAs
reference spectrum [28,33,34]. Relative to the main line

in FeCrAs, we see that the Nd-doped K!1;3 peak shifts
towards higher energy, while the intensity and the width of
this peak also change; a contribution from K!0 on the
lower energy side becomes visible now. These changes
are all attributed to the existence of a local moment. To
follow the IAD procedure from Ref. [32], the area under-
neath each spectrum was normalized to unity. The refer-
ence spectrum was then subtracted from the sample
spectrum, and the resulting difference plotted. For display
purpose, the difference was magnified by a factor of 4. The
IAD value can be extracted by integrating the absolute
value of the difference spectrum. This quantity is found
to be linearly proportional to the local spin magnetic
moment of the Fe atom [32]. This method has recently
been applied to study various iron-based superconductors
[28,35,36].
Fe K! emission lines obtained at different temperatures

are shown in Figs. 1(b)–1(e)for both the Pr- and La-doped
samples. At T ¼ 300 K the samples show the same char-
acteristics as the Nd-doped samples. However, at T ¼ 45 K
significant changes can be observed, the K!1;3 shifts
towards lower energy and the contribution from K!0 is
suppressed. This is well captured in the difference spectra
and provides evidence for a decreased local moment. The
change is much larger for the Pr- than for the La-doped
sample; in fact a complete suppression of the difference
spectra is observed for the Pr-doped sample. It should be
noted that such a strong thermally induced change is sur-
prising given that neither the presence of long-range order
nor carrier doping had any affect on the local magnetic
moment in other iron-based superconductors [28].
In order to extract quantitative information about the

evolution of the local moment in these samples we have
studied detailed temperature dependence of the IAD values.
The results are plotted in Fig. 2(b), in which the right-hand

7030 7050 7070

−0.01

0

0.01

0.02

0.03

0.04

(a)

Difference

FeCrAs

Nd−doped

T = 300 K

Energy (eV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Ca
1−x

RE
x
Fe

2
As

2

x4

7030 7050 7070

0

0.02

0.04

Energy (eV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

(d)
x4

T = 300 K

La−doped

7030 7050 7070
Energy (eV)

La−doped

(e)
x4

T = 45 K

Pr−doped

(c)
x4

T = 45 K
0

0.01

T = 300 K

(b)
x4

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Pr−doped

Kβ′
Kβ

1,3

Fe2+ cont.
3d
3p

1s

µ

∆ E

e− e−
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Fig. 4: (Colour on-line) Three-dimensional plot of the
superconducting-gap size (∆) measured at 15K on the three
observed FS sheets (shown at the bottom as an intensity plot)
and their temperature evolutions (inset).

Nearly isotropic and nodeless superconducting gaps of
different values open simultaneously at the bulk Tc on all
three observed FS sheets of electron and hole characters.
The most natural interpretation of our findings is that
the pairing order parameter has an s-wave symmetry,
although we cannot rule out the possibility of nontrivial
relative phases between the pairing order parameters
on the different FS sheets. Perhaps the most striking
feature is that strong pairing on the α and γ FS produced
nearly the same, surprisingly large superconducting
gaps. In the undoped parent compound, these two FS
sheets are nested by the Q= (π, 0) spin-density-wave
(SDW) wave vector [18]. In the sufficiently hole-doped
superconducting sample, we have observed evidence
of a similar band folding between Γ and M points at
low temperatures which could be due to SDW fluc-
tuations or short-range order by the same vector Q.

Remarkably, the α and γ FS are still well connected
by the Q-vector reminiscent of an inter-band nesting
condition along large portions of the two FSs. The latter
can enhance the kinetic process where a zero momentum
pair formed on the α (γ) FS is scattered onto the γ (α)
FS by the fluctuations near the wave vector Q, whereby
increasing the pairing amplitude. These observations
strongly suggest that the inter-band interactions play an
important role in the superconducting pairing mechanism
of this new class of high-temperature superconductors.
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Correlations in Iron SC? 

Contrasting evidences for correlation strength 
-  no Mott insulator in the phase diagram 
-  no detection of prominent Hubbard bands 
-  moderate correlations from Optics 
-  bad metallicity 
-  strong sensitivity to doping 
-  local vs itinerant magnetism 
Weak-coupling vs Strong-coupling scenarios 

Qazilbash et al. NatPhys2009 

Fang et al. PRB80 (2009) 
Rullier-Albenque et al. PRL103 (2009) 

53

Ba(Fe1−xCox)2As2

  x  

FIG. 44: (Color online) In-plane resistivity ρ versus temper-
ature T of Ba(Fe1−xCox)2As2 crystals for various values of x
as indicated on the right edge of the figure. Reprinted with
permission from Ref. 285. Copyright (2009) by the American
Physical Society.

becomes

σ =
ne2ℓ

m∗vF
=

ne2ℓ

h̄kF
. (61)

For nband equally conducting bands with the same kF, the
two expressions on the right would each be multiplied by
nband.
Here we will make an estimate of the product kFℓ for

a two-dimensional (2D) band with a cylindrical Fermi
surface, because the expression obtained is simple with
only two clearly defined parameters contained in it, as
opposed to the 3D case. In this 2D case one obtains n =
k2F/(2π∆c), where ∆c is the distance between conducting
layers, yielding170 from Eq. (61)

kFℓ =
h∆c

ρabe2
= 0.258

∆c

ρab
, (2D conduction) (62)

where the second equality on the right is for ∆c in Å and
the electrical resistivity ρab (= 1/σab) in mΩ cm. Re-
markably, this expression only contains two easily mea-
sured and unambiguous quantities ρab and ∆c. For nband

equally conducting bands with the same kF, the value of
kFℓ from Eq. (62) would be divided by nband.
A typical range of in-plane resistivity values for the

FeAs-based systems is shown for the Ba(Fe1−xCox)2As2
system in Fig. 44 for x values from the undoped value
x = 0 to the optimum doping x ∼ 0.08 to heavily over-
doped x = 0.3.285 Note that the ab-plane resistivity at
300 K for x = 0 is about 30% larger than in the different
crystal in the bottom panel of Fig. 4 above, indicating
the variability between different crystals and measure-
ments of nominally the same material. For the opti-
mum superconducting composition with x = 0.08, the
normal state resistivity at low temperatures is seen to
be ρab ≈ 0.12 mΩ cm. Then utilizing Eq. (62) with

∆c = 6.5 Å gives kFℓ ≈ 14. According to the Hall coeffi-
cient data in Refs. 212 and 285, in a two-band model with
one band an electron band and the other a hole band, the
electron band contributes most strongly to the conductiv-
ity in this system. The same conclusion was reached from
resistivity and Hall coefficient measurements on single
crystals of BaFe2(As1−xPx)2.286 Therefore the one-band
estimate kFℓ ≈ 14 ≫ 1 appears to be reasonable and in-
dicates that the Ba(Fe1−xCox)2As2 system is a coherent
metal, i.e., not a “bad metal.”
Equation (62) is identical to the equation Si and Abra-

hams used early on to prove that the iron arsenides are
bad metals, using LaFeAsO as an example.77 They used
∆c = 8.7 Å and ρ(300 K) = 5 mΩ cm to obtain kFℓ ≈ 0.5
from Eq. (62), and thus claimed that this compound is a
bad metal. However, those resistivity measurements were
for a polycrystalline sample, and it is now clear that their
ρ(300 K) value for the in-plane resistivity that they used
for the calculation of kFℓ was at least an order of mag-
nitude too large, and that the actual value is kFℓ >∼ 5 at
room temperature. The value of kFℓ would further in-
crease on cooling because the resistivity decreases. The
other criterion used in Ref. 77 to claim that LaFeAsO is
a bad metal was that there was no Drude peak in the
in-plane optical conductivity of LaFeAsO, which we now
know is not correct from more recent optical measure-
ments on single crystals.177

3. Quantum Oscillation Experiments

Quantum oscillations in the magnetization (de Haas
van Alphen effect) and/or in the resistivity (Shubnikov-
de Haas effect) versus applied magnetic field have been
observed for single crystals of superconducting LaFePO
with Tc = 6 K (Ref. 287) and nonsuperconducting
SrFe2As2,205 BaFe2As2,206 CaFe2P2,288 and SrFe2P2.289

The quantum oscillations cannot be observed unless the
conduction electron states are coherent. In the cases
of SrFe2As2 and BaFe2As2, the low-temperature Fermi
surfaces (below the SDW transition temperatures) are
in general agreement with LDA band structure calcula-
tions of the reconstructed Fermi surfaces arising from a
nested-Fermi-surface driven SDW. The mean-free-paths
for three bands observed in CaFe2P2 were found to be
1900, 710, and 860 Å, respectively, much larger than
a lattice parameter.288 These quantum oscillation mea-
surements and large mean-free paths for these five com-
pounds indicate that these compounds are coherent met-
als. The many-body conduction carrier mass enhance-
ments found in the measurements are rather small, of
order 1 to 2 times the LDA band structure values.
de Haas-van Alphen (dHvA) magnetization oscillation

measurements versus applied magnetic field were also
carried out on superconducting KFe2As2 crystals with
Tc = 3 K.157 These measurements are important be-
cause, as for LaFePO above, there is no intrinsic crys-
tallographic disorder in this superconducting compound.

Specific heat (mJ/ mol K2) 
LaFePO   7 
Ba(CoxFe1-x)2As2   15-20 
Ba1-xKxFe2As2   50 
FeSe0.88    9.2 
KFe2As2    69-102 
K0.8Fe1.6Se2   6 
 
 Review: Stewart, RMP (2011) 
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Modeling Iron-based superconductors: Hund’s coupling 

-  cubic 
-  multi-orbital: 5 bands (Fe 3d) at the Fermi level  

 n=6 conduction electrons 
- Partially lifted degeneracy  
-  Not a very large U but strong Hund’s coupling J 
       W~4eV,  U~2-4eV, J~0.5eV 

Theory:  
‘Hund’s metals’ 

BaFe2As2 
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Ba-122 Phase diagram                                                               Luca de’ Medici  

Avci et al. PRB 85 (2012) 10

FIG. 13: (Color online) (Top panel) Magnetic and structural
phase diagram of electron-doped Ba(Fe1�xCox)2As2 and hole-
doped Ba1�xKxFe2As2 with the superconducting critical tem-
peratures, Tc (squares), Néel temperatures, TN (stars) and
structural transition temperatures, Ts (circles). The x-axis
is normalized to the charge carrier per iron atom. Data for
the electron-doped side where the transition temperatures are
represented with open symbols are taken from Ref [50]. The
error bars for TN and Ts values in the hole-doped side are
within the symbols. The dashed line enveloping the super-
conducting dome represents the Lindhard function taken from
Ref [33]. (Bottom panel) Charge carrier dependence of the As-
Fe-As bond angles for both electron- and hole-doping. Solid
triangles represent the results of our neutron di�raction study
at 1.7K for the hole-doped Ba1�xKxFe2As2. At this temper-
ature one of the As-Fe-As angles splits due to orthorhombic
distortion below x = 0.3. Therefore, we took the average of
these two splitting angles. The As-Fe-As bond angle data for
the electron doped side is taken from Ref [51]. Solid lines are
guide to the eye.

electrons [45]. However, the idea of microscopic phase co-
existence was more controversial in Ba1�xKxFe2As2 be-
cause of local probe measurements that seemed to indi-
cate a phase separation into mesoscopic regions of mag-
netism and superconductivity [30,31]. Since the most re-
cent µSR data are also consistent with microscopic phase
coexistence [32], it appears that the earlier reports may
have been due to compositional fluctuations close to the
phase boundaries and that microscopic phase coexistence
has now been confirmed.

Finally, we discuss the electron-hole asymmetry in the
phase diagram, shown in Fig. 13, where we have added
data from the literature [50,51] to allow a comparison
with the more commonly studied electron-doped super-
conductors. In this phase diagram, the x-axis is normal-
ized to the number of charge carriers per Fe atom. Neu-
pane et al have recently suggested that this asymmetry is
due to di�erences in the e�ective masses of the hole and

electron pockets [33]. This is justified by ARPES data
that show that hole doping can be well described within a
rigid band approximation [52]. An ab initio calculation of
the Lindhard function of the non-interacting susceptibil-
ity at the Fermi surface nesting wavevector shows exactly
this asymmetry, with a peak at x � 0.4 where the max-
imum Tc occurs. Our recent inelastic neutron scattering
measurements of the resonant spin excitations that are
also sensitive to Fermi surface nesting have shown a simi-
lar correlation between the strength of superconductivity
and the mismatch in the hole and electron Fermi surface
volumes [34], that is responsible for the fall of the Lind-
hard function at high x. An overall envelope may be
drawn (dashed line in Fig. 13) to encompass both the
hole and electron superconducting domes of the phase
diagram. If anything, the Lindhard function underesti-
mates the asymmetry, predicting a larger superconduct-
ing dome on the electron-doped side. We attribute this
behavior to the fact that the iron arsenide layers remain
intact in the potassium substituted series, whereas Co
substitution for Fe disturbs the contiguity of the FeAs4
tetrahedra and interferes with superconductivity in these
layers.

Interestingly, the maximum overall Tc also correlates
with the perfect tetrahedral angle of � 109.5⇥ as demon-
strated in the bottom panel of Fig. 13. In the plot, aver-
age <As-Fe-As> bond angles for our K-substituted series
have been extracted from the Rietveld refinements. The
As-Fe-As bond angles for BaFe2�xCoxAs2 are extracted
from the literature [51]. The continuity of the bond an-
gles across the electron-doped and hole-doped sides of the
phase diagram is remarkable and the crossing of the two
independent angles at x � 0.4 to yield a perfect tetrahe-
dron and maximum Tc is clear. This has been remarked
before in other systems [35,53]. It is possible that these
two apparently distinct explanations for the maximum
Tc are two sides of the same coin. In a theoretical anal-
ysis of the 1111 compounds [38], it has been suggested
that the pnictogen height is important in controlling the
energies of di�erent orbital contributions to the d-bands
and so a�ect the strength of the interband scattering that
produces superconductivity.

We now turn our attention to the SDW region of the
phase diagram. While it is clear that spin-density-wave
order has to be suppressed in order to allow supercon-
ductivity to develop, it is not immediately clear what
is responsible for the suppression. Both the strength of
magnetic interactions and superconductivity, at least in
an itinerant model, depend on the same Lindhard func-
tion [54], the former on the peak in the susceptibility at
the magnetic wavevector, and the latter on an integral
over the Fermi surfaces. It would seem therefore that
the magnetic transition temperature should also peak
at x � 0.4. One intriguing reason why it would peak
at x = 0 is because magnetic order is more sensitive
to disorder-induced suppression of the peak susceptibil-
ity whereas superconductivity is more robust. There is
some support for this idea from the observation that iso-
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Heavy-fermionic behavior: theory vs experiment 
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LdM, PRB 83 (2011) 
LdM, J. Mravlje, A. Georges, PRL 107 (2011) 

Mott Gap: E(n+1)+E(n-1)-2E(n) 
•  half-filling: ~U+(N-1)J 
•  other filling: ~U-3J 

Degenerate 5-band Hubbard model 

For a review:   
“Strong Correlations from Hunds’ Coupling”  
A. Georges, LdM, J. Mravlje,  
Ann Rev Cond. Mat. 4, 137 (2013) 
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LdM, PRB 83 (2011) 
LdM, J. Mravlje, A. Georges, PRL 107 (2011) 

Mott Gap: E(n+1)+E(n-1)-2E(n) 
•  half-filling: ~U+(N-1)J 
•  other filling: ~U-3J 

Degenerate 5-band Hubbard model 

Slave-spin mean field (LdM et al., PRB 72 (2005)) 
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Mott Gap: E(n+1)+E(n-1)-2E(n) 
•  half-filling: ~U+(N-1)J 
•  other filling: ~U-3J 

Degenerate 5-band Hubbard model 

Slave-spin mean field (LdM et al., PRB 72 (2005)) 

For a review:   
“Strong Correlations from Hunds’ Coupling”  
A. Georges, LdM, J. Mravlje,  
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FIG. 5. (Color online) Same phase diagram as in Fig. 1, plotted
here as a function of J. The dashed lines indicate the strong J behavior
calculated analytically in the atomic limit, Eq. (8) (from top to bottom
δUc ∝ 3J, −J, −2J ).

half-filling this effect is controlled by n/N (for n < N , and
by the particle-hole symmetric (N − n)/N for n > N), and it
is already negligible for the system with one particle in three
bands. The reduction of orbital correlations is in fact a main
effect of J, and we will see in Sec. IV its key importance in
decoupling the orbitals.

It is worth stressing that these conclusions are drawn
for degenerate nonhybridized bands but are still valid for
small hybridizations Vmm′ and crystal fields "mm′ = ϵm − ϵm′ .
Indeed both hybridization and crystal fields work in general
“against” J (the hybridization favors singlet states, while the
crystal field favors orbital disproportionation, both thus favor
low-spin states29), but are nonsingular perturbations.

Thus if J ≫ Vmm′ ,"mm′ we expect these results to hold in
general.

More specifically one can show that their effect on the
high-spin states in the atomic limit is null in the half-filled
sector and lowers the energy in sectors away from half-filling.
The detail of this energy gain depends in general on the specific
structure of the matrices Vmm′ ,"mm′ , and its analysis is beyond
the scope of this paper, but it can be easily shown for N = 2
and 3 that they always reduce the effect of J on the gap between
the atomic sectors and will thus reduce the effect of J on Uc.
Some specific models with finite crystal fields are studied in
Sec. IV.

SSMF and atomic limit considerations are somewhat
complementary points of view on the Mott transition and they
draw a quite reliable picture, but one may want to benchmark
these results with a more quantitative and accurate method
such as DMFT.

The DMFT results for the N = 2 degenerate model are
plotted in Fig. 6. DMFT fully confirms the SSMF scenario and
the reliability of the SSMF method. The transition boundaries
are slightly shifted by DMFT as the SSMF, like SBs, is known
to overestimate Uc.

DMFT can also yield a much deeper insight into the physics
of the systems through the analysis of dynamical quantities as,
e.g., the local self-energies $m(iωn) and spectral functions
ρm(ω) = −1/πImGm(ω + i0+), where Gm is the Green’s
function for band m.
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Hubbard model for the Mott transition with n = 2 electrons (upper
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Lower panel: phase diagram comparison between SSMF and DMFT.
The slight overestimation of Uc is a known issue of slave-variable
mean fields, common, e.g., to SBs.

Figure 7 plots the self-energies at U/D = 1.75 as a function
of J for the half-filled and quarter filled cases. As expected, J
is seen to enhance the self-energy in the half-filled case, thus
correlating the system, while it lowers the self-energy in the
quarter-filled case and it decorrelates the system.

Figure 7 plots the spectral functions corresponding to the
quarter-filled two-band Hubbard model in the metallic phase.
The Hubbard bands are very structured, reflecting the multiple
energy scales present already in the atomic Hamiltonian.34 In
these bands, the features which are closer to the central peak
(that is due to the coherent quasiparticle excitations which
disappear at the Mott transition) are the precursors of the lowest
atomic excitations. As predicted by the atomic limit arguments
these features move closer to the central peak with J.
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‘Near’ half-filling:  
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•  local inter-orbital spin correlations 
are enhanced (high-spin locking) 

•  local inter-orbital charge correlations are suppressed 

Degenerate 5-band Hubbard model 
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J favors the OSMT 

Orbital-selective Mott transition 
 
• Coexisting itinerant and localized 
conduction electrons 
•  Metallic resistivity and free-moment 
magnetic response 
•  non Fermi-liquid physics of the 
intinerant electrons 

Hund’s coupling and Orbital selectivity 

5 bands of the same width 
N=6 (half-filling+1) 
 
Crystal-field (one band up)  
+ Hund’s coupling 
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Anisimov et al., Eur. Phys. J. B 25 (2002) 
Koga et al., Phys. Rev. Lett. 92 (2004) 
    For a review:  
 M. Vojta J. Low Temp. Phys. 161 (2010) 

(OSMT is the extreme case. 
More generally J favors a 
differentiation in the correlation 
strength for each orbital) 
 LdM, S.R. Hassan, M. Capone, JSC 22, 535 (2009) 



Hund’s coupling as an orbital decoupler 

Hund’s coupling 
suppresses the inter-
orbital correlations, 
rendering the charge 
excitations in the different 
orbitals independent from 
one-another, i.e. acting as 
an orbital-decoupler for 
Mott-physics 

LdM, S.R. Hassan, M. Capone, X. Dai, PRL102 (2009) 
LdM, Phys. Rev. B 83 (2011) 
Werner and Millis, Phys. Rev. Lett. 99 (2007) 
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Mottness 

Selective Mottness in iron-SC: doped BaFe2As2 (DFT+SSpins) 
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Same as for cuprates! 
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The proximity to a Mott state strongly 
affects the properties of a system: 
 
•  reduced metallicity (Z~x) 
•  mass enhancement 
•  transfer of spectral weight from low to 
high energy (e.g. in optical response) 
•  tendency towards magnetism 
•  … 
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K. Shen et al. Science 2007 
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Tentative common phase diagram for Cuprates and Iron-SC 
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When plotted against the average orbital doping the experimental phase diagram 
of iron-SC closely resembles the one for cuprates! (suppressing magnetism) 

•  a superconducting dome at 20% doping from a Mott insulator 
•  a phase with selective Mottness in between the two 
•  a good Fermi-liquid at higher dopings     

Is then selective Mottness 
important for superconductivity? 

10

FIG. 13: (Color online) (Top panel) Magnetic and structural
phase diagram of electron-doped Ba(Fe1�xCox)2As2 and hole-
doped Ba1�xKxFe2As2 with the superconducting critical tem-
peratures, Tc (squares), Néel temperatures, TN (stars) and
structural transition temperatures, Ts (circles). The x-axis
is normalized to the charge carrier per iron atom. Data for
the electron-doped side where the transition temperatures are
represented with open symbols are taken from Ref [50]. The
error bars for TN and Ts values in the hole-doped side are
within the symbols. The dashed line enveloping the super-
conducting dome represents the Lindhard function taken from
Ref [33]. (Bottom panel) Charge carrier dependence of the As-
Fe-As bond angles for both electron- and hole-doping. Solid
triangles represent the results of our neutron di�raction study
at 1.7K for the hole-doped Ba1�xKxFe2As2. At this temper-
ature one of the As-Fe-As angles splits due to orthorhombic
distortion below x = 0.3. Therefore, we took the average of
these two splitting angles. The As-Fe-As bond angle data for
the electron doped side is taken from Ref [51]. Solid lines are
guide to the eye.

electrons [45]. However, the idea of microscopic phase co-
existence was more controversial in Ba1�xKxFe2As2 be-
cause of local probe measurements that seemed to indi-
cate a phase separation into mesoscopic regions of mag-
netism and superconductivity [30,31]. Since the most re-
cent µSR data are also consistent with microscopic phase
coexistence [32], it appears that the earlier reports may
have been due to compositional fluctuations close to the
phase boundaries and that microscopic phase coexistence
has now been confirmed.

Finally, we discuss the electron-hole asymmetry in the
phase diagram, shown in Fig. 13, where we have added
data from the literature [50,51] to allow a comparison
with the more commonly studied electron-doped super-
conductors. In this phase diagram, the x-axis is normal-
ized to the number of charge carriers per Fe atom. Neu-
pane et al have recently suggested that this asymmetry is
due to di�erences in the e�ective masses of the hole and

electron pockets [33]. This is justified by ARPES data
that show that hole doping can be well described within a
rigid band approximation [52]. An ab initio calculation of
the Lindhard function of the non-interacting susceptibil-
ity at the Fermi surface nesting wavevector shows exactly
this asymmetry, with a peak at x � 0.4 where the max-
imum Tc occurs. Our recent inelastic neutron scattering
measurements of the resonant spin excitations that are
also sensitive to Fermi surface nesting have shown a simi-
lar correlation between the strength of superconductivity
and the mismatch in the hole and electron Fermi surface
volumes [34], that is responsible for the fall of the Lind-
hard function at high x. An overall envelope may be
drawn (dashed line in Fig. 13) to encompass both the
hole and electron superconducting domes of the phase
diagram. If anything, the Lindhard function underesti-
mates the asymmetry, predicting a larger superconduct-
ing dome on the electron-doped side. We attribute this
behavior to the fact that the iron arsenide layers remain
intact in the potassium substituted series, whereas Co
substitution for Fe disturbs the contiguity of the FeAs4
tetrahedra and interferes with superconductivity in these
layers.

Interestingly, the maximum overall Tc also correlates
with the perfect tetrahedral angle of � 109.5⇥ as demon-
strated in the bottom panel of Fig. 13. In the plot, aver-
age <As-Fe-As> bond angles for our K-substituted series
have been extracted from the Rietveld refinements. The
As-Fe-As bond angles for BaFe2�xCoxAs2 are extracted
from the literature [51]. The continuity of the bond an-
gles across the electron-doped and hole-doped sides of the
phase diagram is remarkable and the crossing of the two
independent angles at x � 0.4 to yield a perfect tetrahe-
dron and maximum Tc is clear. This has been remarked
before in other systems [35,53]. It is possible that these
two apparently distinct explanations for the maximum
Tc are two sides of the same coin. In a theoretical anal-
ysis of the 1111 compounds [38], it has been suggested
that the pnictogen height is important in controlling the
energies of di�erent orbital contributions to the d-bands
and so a�ect the strength of the interband scattering that
produces superconductivity.

We now turn our attention to the SDW region of the
phase diagram. While it is clear that spin-density-wave
order has to be suppressed in order to allow supercon-
ductivity to develop, it is not immediately clear what
is responsible for the suppression. Both the strength of
magnetic interactions and superconductivity, at least in
an itinerant model, depend on the same Lindhard func-
tion [54], the former on the peak in the susceptibility at
the magnetic wavevector, and the latter on an integral
over the Fermi surfaces. It would seem therefore that
the magnetic transition temperature should also peak
at x � 0.4. One intriguing reason why it would peak
at x = 0 is because magnetic order is more sensitive
to disorder-induced suppression of the peak susceptibil-
ity whereas superconductivity is more robust. There is
some support for this idea from the observation that iso-
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Conclusions:  
Iron superconductors: Hund’s coupling J has a key-role in tuning correlations 
•  Overall coherence reduced. Mott transition at n=6 pushed far. 
•  Phase diagram dominated by Mott transition at n=5 (half-filling). 
•  Filling of the conduction bands is a key variable: correlations increase with hole doping 
•  J acts as an “orbital-decoupler”:  suppresses inter-orbital charge correlations and     

 favors orbital selective Mottness      
  

LdM, S.R. Hassan, M. Capone, X. Dai, PRL 102, 126401 (2009) 
LdM, S.R. Hassan, M. Capone, JSC 22, 535 (2009) 
LdM, PRB 83, 205112 (2011) 
A. Georges, LdM, J. Mravlje, Annual Reviews Cond. Mat. 4, 137 (2013) 
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Analogy with the pseudogap phase in the cuprates 
A common phase diagram? 

i.e. coexistence of strongly and weakly correlated  
         electrons in most of the phase diagram 

(KFe2As2 heavy fermion) 
 

LdM, G. Giovannetti, M. Capone, PRL 112, 177001 (2014) 
Perspective in book chapter:  
LdM, ”Weak and strong correlations in Iron superconductors”,in “Iron-based 
superconductivity”,  Springer series in materials science, vol 211, pp409-441 

Slave-spins can be a useful 
guidance for heavier 
computational methods 


