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-  relevant block: Fe-ligand (As, Se, Te) buckled plane  
-  tetragonal – orthorhombic symmetry 
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Fig. 1. (Color online.) (a) Resistivity curves of the 122-compound Ba(Fe1−xCox)2As2 for different Co concentrations (from [6]). The evolution of the su-
perconducting transitions can be easily determined. Anomalies of the resistivity allow one to determine both the structural and the magnetic transition 
temperatures by looking at the temperature derivative of resistivity as shown in (b) and to build up the phase diagram of this compound as a function of 
Co substitution (c).

to the very rich 122 BaFe2As2 family which has been the most extensively studied system since superconductivity can be 
obtained by very different routes – electron or hole doping, isovalent substitution and pressure. Another compound that 
is particularly interesting is the 111 compound LiFeAs since it is the only nearly stoichiometric compound, together with 
NaFeAs and KFe2As2, which is superconducting without any substitution. Moreover, due to the neutral surface of LiFeAs after 
cleaving, one does not expect any influence of the surface on the electronic states. Therefore the data of surface sensitive 
probes such as angle resolved photoemission spectroscopy (ARPES) are very well representative of the bulk properties [7].

2. 122 compounds

Among the 122 system, BaFe2As2 appears as the prototypical iron pnictide compound as superconductivity can be in-
duced either by substitution on the iron site (electron doping by Co or Ni [8–10]; isovalent substitution by Ru [11,12]), 
substitution on the Ba site (hole doping by potassium substitution [13]) or substitution on the As site (isovalent phosphorus 
substitution [14–16]) (more references can be found in the paper of Martinelli et al. [18]). This provides an exceptional play-
ground to study the different modifications of the electronic structure and their consequences on the transport properties. 
Albeit less studied, all these substitutions are also possible in the SrFe2As2 family and display a lot of similarities with the 
behavior observed in the BaFe2As2 family.

However substitution effects in the CaFe2As2 family appear quite different, probably related to the existence of the 
collapsed tetragonal phase observed in the pure CaFe2As2 under pressure. Although onsets of superconducting transition 
temperatures as high as 47 K, the maximum so far among the 122 family, were observed by aliovalent substitution into 
the alcaline earth site of CaFe2As2 single crystals [17], there is some doubt about the bulk nature of this superconductivity. 
Moreover the morphology of these crystals appear to be strongly dependent on the annealing conditions and not very 
reproducible [19]

2.1. Parent compounds and electron doping on iron site by transition metal substitution

Iron substitutions by atoms situated at the right of iron in the periodic table are expected to electron dope the system. 
This was clearly evidenced by ARPES measurements [22,24] which showed that the areas of the hole bands decrease and 
those of the electron bands increase upon Co or Ni substitution, contrary to some theoretical proposals [25]. Moreover as 
shown in Fig. 2, the phase diagrams for these two substitutions match with each other if they are plotted as a function 
of electron doping, showing unambiguously that each Co (Ni) atom adds one (two) electron(s) to the bands. The same 
observation was found for Rh and Pd substitutions [26].

2.1.1. Transport in the high-temperature paramagnetic phase
Resistivity As already pointed out above, the effect of electron doping does not appear on the resistivity curves straight-
forwardly. First let us note that the iron pnictides were sometimes qualified as “bad metals” due to the fact that their 
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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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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.

s wave
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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 the M 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
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Fig. 4.3 (a) The doping dependence of Fermi surface topology taken in Ba1!xKxFe2As2. The
upper panels are the photoemission intensity distribution at EF . The low panels are the obtained
Fermi surface. SS is the abbreviation of surface state. The red and blue lines illustrate the hole
pockets and electron pockets, respectively. (b) is the same as panel (a), but taken in NaFe1!xCoxAs

4.2.2 The Effect of Carrier Doping

Similar to the cuprates, the superconductivity in iron-based superconductors could
be induced by doping carriers. It is thus crucial to study how the carrier doping
would effect the electronic structure. We took two systems as examples, the
hole doped Ba1!xKxFe2As2 and the electron doped NaFe1!xCoxAs. As shown in
Fig. 4.3a, with hole doping, as expected in a rigid band shift picture, the center
hole pockets expand, while the corner electron pockets shrink. A Lifshitz transition
occurs when the electron pockets disappear at the zone corner and four propeller-
like hole pockets develop. Things reverse for the electron doped side (Fig. 4.3b).
In NaFe1!xCoxAs, the center hole pockets shrink and the corner electron pockets
expand with the increase of electron doping. When the central hole pocket sinks
below the Fermi level, a Lifshitz transition occurs and an electron pocket emerges
at the zone center.

Since the electrons form Cooper pairs in a small energy window very close
to EF , the change of Fermi surface topology or Lifshitz transition could have
strong influence on the superconductivity. Early theoretical studies all pointed out

260 A. Chubukov

Fig. 8.3 A comparison of the pairing state from spin-fluctuation exchange in cuprate SCs and in
FeSCs. In the cuprates (left panel) the FS is large, and antiferromagnetic Q D .!; !/ connects
points on the same FS. Because spin-mediated interaction is positive (repulsive), the gap must
change sign between FS points separated by Q. As the consequences, the gap changes sign twice
along the FS. This implies a d -wave gap symmetry. In FeSCs (left panel) scattering by Q moves
fermions from one FS to the other. In this situation, the gap must change sign between different
FS, but to first approximation remains a constant on a given FS. By symmetry, such a gap is an
s-wave gap. It is called sC! because it changes sign between different FSs

of low-energy fermionic excitations in FeSCs. It turns out that both the symmetry
and the structure of the pairing gap result from rather non-trivial interplay between
spin-fluctuation exchange, intraband Coulomb repulsion, and momentum structure
of the interactions. In particular, an s˙ gap can be with or without nodes, depending
on the orbital content of low-energy excitations. Besides, the structure of low-energy
spin fluctuations evolves with doping, and the same spin-fluctuation mechanism that
gives rise to sC! gap at small/moderate doping in a particular material can give rise
to a d -wave gap at strong hole or electron doping.

There is more uncertainly on the theory side. In addition to spin fluctuations,
FeSCs also possess charge fluctuations whose strength is the subject of debates.
There are proposals [134, 194] that in multi-orbital FeSCs charge fluctuations are
strongly enhanced because the system is reasonably close to a transition into a
state with an orbital order, e.g., a spontaneous symmetry breaking between the
occupation of different orbitals. [A counter-argument is that orbital order does not
develop on its own but is induced by a magnetic order [47].] If charge fluctuations
are relevant, one should consider, in addition to spin-mediated pairing interaction,
also the pairing interaction mediated by charge fluctuations. The last interaction
gives rise to a conventional, sign-preserving s-wave pairing [134]. A “p-wave” gap
scenario (a gap belonging to E2g representation) has also been put forward [93].

From experimental side, s-wave gap symmetry is consistent with ARPES data
on moderately doped B1!xKx Fe2As2 and BaFe2(As1!xPx)2, which detected only
a small variation of the gap along the FSs centered at .0; 0/ [199], and with

Itinerant electrons: 
-  DFT gives correct FS topology     (semi-

compensated metal) 
-  Nesting of  FS pockets provides SDW 

and spin-fluctuations induce SC pairing 
(S±-wave) 

Zhang et al. , 
Springer Book 2015 

A. Chubukov, Springer Book 2015 

- multi-orbital: 5 bands (Fe 3d) at the Fermi level (W~4eV)  
 n=6 conduction electrons 

- Partially lifted degeneracy (crystal-field splitting ~0.4eV)  
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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
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FIG. 1 (color online). (a) Comparison of the K! emission line for the Nd-doped sample and FeCrAs taken at room temperature. The
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Problems 
-  DFT bands 2-3 times too dispersive 
-  LSDA unusually overestimates the ordered magnetic 

moment 
-  FeSe (Tc=8K) and LiFeAs (Tc=18K) do not have magnetic 

order 
-  KxFe2-ySe2 (Tc~40K) and FeSe monolayer (Tc~100K??) only 

have electron pockets. KFe2As2 (Tc=4K) only hole pockets. 
-  Direct evidence of  local moments in the PM phase (XES) 

Zhang et al. Nat Mat 10 (2011)   Tan et al. Nat Mat 12 (2014) 

4 Electron Spectroscopy: ARPES 121

that the superconducting pairing in iron-based superconductors is mediated by the
inter-pocket scattering between the central hole and the corner electron pockets
[9, 10]. In this scenario, TC only could be optimized when both central hole and
corner electron pockets are present. The doping dependence of the Fermi surface in
iron-pnictides show positive support for this scenario. For the electron doped side,
the disappearance of central hole pockets was proposed to be responsible for the
suppression of superconductivity in Ba(Fe1!xCox)2As2 and NaFe1!xCoxAs [22].
It was also pointed out that the gap anisotropy and pairing symmetry would change
in the heavily hole doped compounds in Ba1!xKxFe2As2, due to the change for
Fermi surface topology at the zone corner [23].

However, the discovery of high-TC superconductivity in heavily electron doped
iron-chalcogenide strongly challenges the existing scenarios about the supercon-
ducting pairing in iron-based superconductors [24, 25]. As shown in Fig. 4.4, only
electron pockets exist in the Brillouin zone without any center hole pockets [26–28].
There is thus no inter-pocket scattering from ! to M . Such Fermi surface topology
is similar to the heavily electron doped Ba(Fe1!xCox)2As2 and NaFe1!xCoxAs,
where there is no superconductivity. However, for the electron doped iron-selenide,
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Electronic Correlations? 

Problems of  the itinerant model 



Unconventional phenomena:  
-    High-Tc superconductivity 
-  large thermoelectric responses 
-  colossal magnetoresistance, … 

Correlated Materials ...
... typically contain partially filled d- or f-shells
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→ transition metal oxides/sulfides, rare earth or
actinide compounds
(but also: low-dimensional systems, organics ...)

– p. 33

increasing electronic correlations 

Band 
theory 

Mott  
insulator 

Fermi-liquid, enhanced masses, 
 instabilities, local magnetism,…  

Materials typically from 3d and 
4f  open shells: Cuprates, Fe-
based superconductors, 
Manganites, heavy-fermions,… 

Correlated Materials 



Localization of  conduction electrons  
by correlations 

Relevant for transition metal oxides, 
Fullerenes, organic superconductors,… 

The proximity to a Mott state strongly affects 
the properties of  a system: 
 
•  reduced metallicity (Fermi-liquid: 
quasiparticle effective mass) 
•  transfer of  spectral weight from low to high 
energy (e.g. in optical response) 
•  tendency towards magnetism 
•  … 

Limelette et al. Science 302, 89 (2003) 
 

V2O3 

Mott Transition 
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ĥ(r)�a(r) = ✏a�a(r)

�a(r) ⌘ �kn(r) = eik·runk(r)

In a translationally invariant system (crystal) 
 
       Bloch Functions 

Independent electron 
approximation 

one-particle  
Schrödinger equation 

Band Theory of  electrons in a solid 
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Band theory: factorized many-body wave function 

Many-body wave function 



compressibility 

specific heat “Sommerfeld” coefficient 

density of  
states 
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�a(x) = caL�L(x) + caR�R(x)

�a(x1)�b(x2) = caLcbL�L(x1)�L(x2) + caRcbR�R(x1)�R(x2)

+caLcbR�L(x1)�R(x2) + caRcbL�R(x1)�L(x2))

�b(x) = cbL�L(x) + cbR�R(x) L R

There is no way, by changing the one-electron wave functions  
( i.e. by changing caL, caR, cbL and cbR) to: 

disfavour these contributions 

favour these contributions 

Factorized wave function: a two-site example 



x1 

x2 

a factorized wave function 
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non-factorized wave function 



Hubbard model: single- and multi-
orbital 

Intra-orbital interaction Inter-orbital interaction 
U’<U 

for opposite spins 

Inter-orbital interaction 
U’-J<U’<U 

for parallel spins 

In correlated solids typically    J=0.1÷0.2U 
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ñm"ñm# + (U � 2J)
X

m 6=m0
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J: “Hund’s coupling” 



Hund’s rules 
Aufbau 

21Sc 
22Ti 
23V 
24Cr 
25Mn 
26Fe 
27Co 
28Ni 
29Cu 
30Zn 

3d# 4s#  
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) 



Slave variables mean fields (general) 
Recipe: 
•  Enlarge the local Hilbert space (new variables + constraint) 
• Decouple the pseudo-fermions from the slave variables (renormalized non-interacting 
fermionic model) 
•  Treat the slave variables in a local mean-field 
•  Treat the constraint on average 
Examples: 
•  Slave Bosons (Coleman, PRB 29, 3035 (1984)  - Kotliar and Ruckenstein, PRL 57, 1362 (1987)) 

•  Slave Rotors  (Florens and Georges, PRB70, 035114 (2004)) 

 de’ Medici et al. PRB 72, 205124 (2005) 
 S. R. Hassan and LdM,  PRB 81, 35106 (2010) 

Slave-spins 
Hilbert Space mapping: 

|nd
i� = 0i () |nf

i� = 0, Sz
i� = �1/2i

|nd
i� = 1i () |nf

i� = 1, Sz
i� = +1/2i f†

i�fi� = Sz
i� +

1

2
constraint,  
to exclude unphysical states 

Slave-spin mean field 
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X

m

ñm"ñm# + (U � 2J)
X

m 6=m0

ñm"ñm0# + (U � 3J)
X

m<m0,�

ñm�ñm0�

The density-density interactions are easily re-
expressed through slave-spin operators 

Hint[S] = U
X

m

Sz
m"S

z
m# + (U � 2J)

X

m 6=m0

Sz
m"S̃

z
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X
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Sz
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z
m0�
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i� () nf

i�
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i� () Sz
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1

2
(ñm� ⌘ nm� � 1/2)

Slave-spin mean field 

cm =
1q

hnf
m�i(1� hnf

m�i)
� 1Om� = S�

m� + cm�S
+
m�,di� ! fi�Oi�

d†
i� ! f†

i�O
†
i�

Hopping terms 

H � µN̂ =
X

i 6=j�

tmm0

ij O†
im�Ojm0�f

†
im�fjm0� +

X

im�

(✏m � µ)nf
im� +Hint[S]

in the constrained space 
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X

i 6=j,mm0�
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p
ZmZm0f†
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X

im�

(✏m � �m � µ)nf
im�,

Hs =
X

m,�


(hmO†

m� +H.c.) + �m(Sz
m� +

1

2
)

�
+ ˆ̃Hint[S],

hm� =
X

m0

hOm0�is
X

j( 6=i)

tmm0

ij hf†
im�fjm0�if

Zm =|hOm�i|2 hSz
i�i +

1

2
= hf†

i�fi�i

Finally: mean-field equations  (constraint treated on average: lagrange multipliers λm) 

Slave-spin mean field 

Analogous to multi-orbital Kotliar-Ruckenstein slave-bosons and Gutzwiller 
approximation (F. Gebhard lecture) 
Similarly, the Slave-spin mean-field (SSMF) describes a Fermi-liquid 

Pedagogical introduction:  
"Modeling Many-Body Physics with Slave-Spin Mean-Field : Mott and Hund’s Physics in Fe-
Superconductors", L. de’ Medici and M. Capone in The Iron Pnictide Superconductors, 
Springer Series in Solid-State Sciences, Vol. 186, pp. 115-185, Mancini, F., Citro, R. (Eds) 2017.  
  



1

⌧
= a(✏ � ✏F )

2 + bT 2

v⇤
nk =

1

~rk✏
⇤
nk |v⇤

nk| =
~k
m⇤

� =
⇡2k2

B

3
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quasiparticles instead of  particles 

infinite lifetime at T=0 at the Fermi level 
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nk

effective mass 

compressibility 
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renormalized dispersion 
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Fermi Liquid Theory 
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Fe-superconductors: specific heat 
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isovalent substitution                        doping/Fe

Experiments
Theory:DFT+Slave-spin

Theory:DFT

Ba(Fe1'xCox)2As2/

AFe2As2/

Experiments: C. Meingast’s group in Karlsruhe.  F. Hardy,…, LdM et al. PRB 94, 205113 (2016) 

Theory (DFT+Slave-spin): 
-  the same interaction 

parameters (U=2.7eV, 
J/U=0.25) capture the 
whole material trend 

-  DFT results are 
completely off: strong 
correlations 
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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-

-0.4          -0.2           0.0           0.2 
Charge Carriers/Fe 

SC SC 

 AF 

KFe2As2 Ba1-2xK2xFe2As2 Ba(Fe1-xCox)2As2 
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Fe-superconductors: local moments 
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© Young-June Kim (U Toronto) 

Instantaneous local moments building with hole-
doping in 122 Fe-pnictides! 
P. Glatzel group @ ESRF (ID26) 

X-ray Emission Spectroscopy 
(K-β/β’ line shift) 

see also Pelliciari et al. Sci. Rep.  7, 8003 (2017) 



Fe-superconductors: orbital-selectivity 
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Selective correlation strength:  
strongly and weakly correlated electrons coexisting 

(high-T tetragonal phase) 

LdM, Giovannetti, Capone, PRL 2014  “Selective Mott Physics as a Key to Iron Superconductors” 

LdM, Weak AND strong correlations in Fe-SC, in “Iron-based Superconductivity”, Springer book 2015  
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Hund’s metals 

3 main features: 

•  enhanced electron correlations and masses 

•  high local spin configurations dominating the 

paramagnetic fluctuations 

•  orbital-selectivity of  the electron correlation 

strength 
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which are due to the proximity to a 
Hund’s favored Mott insulating 
state for half-filled conduction 
bands (1 hole/Fe doping) 
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LdM, Weak AND strong correlations in Fe Superconductors, in “Iron-based Superconductivity”, 

Springer Series in Material Sciences,  Vol 211, pp 409-441 (2015)  - ArXiv: 1506.01678 

5-orbital Hubbard model 
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Electron effective masses increase upon 
approaching the half-filled Mott insulator 

5-orbital Hubbard model 

LdM, Weak AND strong correlations in Fe Superconductors, in “Iron-based Superconductivity”, 

Springer Series in Material Sciences,  Vol 211, pp 409-441 (2015)  - ArXiv: 1506.01678 
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A metal in which high-spin configurations prevail 

“Hund’s metal” 

J/U=0.20 

LdM, Weak AND strong correlations in Fe-SC, in “Iron-based Superconductivity”, Springer book 2015  

High fluctuating magnetic moment 



J/U=0.20 

charge fluctuations in different orbitals become 
uncorrelated near the half-filled Mott insulator  

<(na-<na>) (nb-<nb>)> 

LdM, Weak AND strong correlations in Fe-SC, in “Iron-based Superconductivity”, Springer book 2015  

inter-orbital charge correlations 
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The cross-over departs from the Mott transition 
at half-filling 

Hund’s metal and half-filled Mott insulator 
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Single band Hubbard model 
in the atomic limit 
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Mott transition: the atomic Mott gap 



However these excited states are mobile 
(high degeneracy removed by hopping ! energy dispersion ~W) 

Formation of  two “Hubbard bands” in the spectrum of  excitations 

particle 
excitation 

hole 
excitation 

Mott transition: Hubbard bands 
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DMFT 

Mott transition: theHubbard criterion 



orb1 

orb2 

At J=0, the interaction is  
proportional to the total 
charge on the site squared 

all configurations with the same number of  electrons  on a site 
have the same interaction energy. 

�at = UThe atomic potential barrier is still U 
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Mott gap for multiorbital interaction at 
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More hopping channels, larger degeneracy-removal energy 

orb1 

orb2 

Wider Hubbard bands 

Δat 

~ ~ W" W"

Gunnarsson et al. 
PRB 56, 1146 (1997) 

At J=0, the interaction is  
proportional to the total 
charge on the site 

all configurations with the same number of  electrons  on a site 
have the same interaction energy. 
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•  Mott transition at every integer filling, Uc 

grows with  M 

•  Uc is maximum at half-filling 

Mott transitions at J=0 

Δat 

~ ~ W" W"

� = U � W̃

Lu PRB 49  5687 (1994), Rozenberg  PRB 55  R4855 (1997), Florens et al. 66 205102 (2002) 

N orbitals 

Uc = W̃ =
p
M W

(N orbitals) 

Mott transition in multi-orbital models 



Uc is lowered by J 
only for half-filling. 
In all other cases is 
enhanced 

Quasiparticle renormalization factor Z=(m*/m)-1 

2 el 2 bands 
1 el 2 bands 

L. de’ Medici, PRB 83, 205112 (2011) 
see also 
Werner, Gull and Millis PRB 79, 115119 (2009) 

effect of  Hund’s J 

M=2 
M=2 
M=2 
M=2 
M=2 

M-orbital degenerate Hubbard model: Slave-spins 



At half-filling   Δ=U+J    !    The gap increases with J 
Needs a smaller U for the Mott transition: Uc decreases 
     

Mott gap (atomic limit):  
Δ=E(n+1)-E(n) - [E(n)-E(n-1)] 

n=2  

n=1  

n=0  

n=3  

n=4  

Hund’s coupling changes the Mott gap: increased at ½ filling 



For <n>=1 the situation is inverted 
Δ=U-3J     
The gap is reduced 
by J    

Needs a larger U 
for the Mott 
transition:  
Uc increases 

n=2  

n=1  

n=0  

Δ=U-3J     

Δ=U+J     

M=2 
M=2 
M=3 
M=3 
M=3 

Hund’s coupling changes the Mott gap: decreased for a generic filling 



J limits again the hopping channels, smaller dispersion of  excitations  
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In all cases different from 
one electron (n=1) or one 
hole (n=2M-1) filling, there 
is a fast suppression of  Uc 
at small J 
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Suppression of  orbital fluctuations by J 
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3"orbitals
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Both the Hubbard band widths and the quasiparticle mass are governed by 
the same hopping processes which are the less effective the lower the ground-
state degeneracy 

Hund’s coupling lowers the ground-state degeneracy 

-  reduces the width Hubbard band 
-  reduces the quasiparticle weight (enhances the 

effective mass) 

Ground-state degeneracy and hopping processes 



LdM and Capone in “The Iron-pnictide superconductors”, Springer book 2017  
see also Fanfarillo and Bascones, PRB 92 075136 (2015) 
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Fermi-liquid coherence (DMFT perspective): 2-orbital Anderson Impurity model 
Schrieffer –Wolff  transformation -> Kondo model  -> Kondo Temperature TK 
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The low-energy, high-spin sector, allowed  t^2 processes are only diagonal: 
TK is diagonal in orbital space (i.e. it differs if  t1≠t2)!  

ground state 
6 x degenerate 

see also Schrieffer, J. Appl. Phys. 1967  

orbital decoupling mechanism 



LdM and Capone in “The Iron-pnictide superconductors”, Springer book 2017  
see also Fanfarillo and Bascones, PRB 92 075136 (2015) 
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Fermi-liquid coherence (DMFT perspective): 2-orbital Anderson Impurity model 
Schrieffer –Wolff  transformation -> Kondo model  -> Kondo Temperature TK 
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The low-energy, high-spin sector, allowed  t^2 processes are only diagonal: 
TK is diagonal in orbital space (i.e. it differs if  t1≠t2)!  

ground state 
6 x degenerate 

see also Schrieffer, J. Appl. Phys. 1967  

orbital decoupling mechanism 



Analytical Slave-spin results 

L. de’ Medici and M. Capone in The Iron Pnictide Superconductors, Springer Series in 
Solid-State Sciences, Vol. 186, pp. 115-185, Mancini, F., Citro, R. (Eds) 2017.  

•  1-band Hubbard 

•  2-band Hubbard (J=0) 

•  N-band Hubbard (J=0) 

•  2-band Hubbard (J≠0, large J):  
•  Kanamori interaction (w/ spin-flip and pair-hopping terms) 

•  density-density interaction 

Uc = �16✏̄0

Uc = �24✏̄0

(=3.39 for Bethe W=2D) 

(=5.09 for Bethe W=2D) 

Uc = �8(N + 1)✏̄0

bare kinetic energy ✏̄0 ⌘
X

k

✏khf†
k�fk�if

Uc(N = 2) = �8✏̄0 � J = Uc(N = 1)/2 � J

Uc(N = 2) = �16✏̄0 � J = Uc(N = 1) � J



M=3 orbitals (relevant for t2g materials) 

Favored:    metal     bad metal     Mott insulator 

3-band Hubbard model (semicircular DOS) 
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and CuO chains. The nominal valence of Cu on the
sheet and chain is estimated to be approximately ⇤2.25
and 2.50, respectively (Tokura et al., 1988). In other
words, the holes are almost optimally doped into the
sheet to produce superconductivity in this stoichiometric
compound. The oxygen content on the chain site can be
reduced, either partially (0�y�1) or totally (y⇥0),
which results in a decrease in the nominal valence of Cu
on the sheet, lowering the superconducting transition
temperature Tc and finally (y�0.4) driving the system
to a Mott insulator (or more rigorously, a CT insulator).
The nominal valence of the chain-site Cu in the y⇥0
compound is ⇤1 due to the twofold coordination, while
that for the y⇥1 compounds is �⇤2.5. Thus the nomi-
nal hole concentration or Cu valence in the sheet can
apparently be controlled by oxygen nonstoichiometry on
the chain site, yet it bears a complicated relation to the
oxygen content (y) and furthermore depends on the de-
tailed ordering pattern of the oxygen on the chain sites.

Filling control by use of nonstoichiometry (offstoichi-
ometry) has also been carried out for other systems, for
example V2⌅yO3 (see Sec. IV.A.1) and LaTiO3⇤y (Sec.
IV.B.1), which both show the Mott-insulator-to-metal
transition with such slight offstoichiometry as y⇥0.03.
The advantage of utilizing oxygen nonstoichiometry is
that one can accurately vary the filling on the same
specimen by a post-annealing procedure under oxidizing
or reducing atmosphere. Since vacancies or interstitials
may cause an additional random potential, the above
method is not appropriate for covering a broad range of
fillings.

3. Dimensionality control

Anisotropic electronic structure and the resultant an-
isotropy in the electrical and magnetic properties of d
electron systems arises in general from anisotropic net-
work patterns of covalent bondings in the compounds.

FIG. 64. A guide map for the synthesis of filling-controlled (FC) 3d transition-metal oxides with perovskite and layered perovskite
(K2NiF4-type) structures.

FIG. 65. A schematic metal-insulator diagram for the filling-control (FC) and bandwidth-control (BC) 3d transition-metal oxides
with perovskite structure. From Fujimori, 1992.

1142 Imada, Fujimori, and Tokura: Metal-insulator transitions
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3d 

4d 

J/U=0.15 

•  103 cubic 
•  214 tetragonal 
(further splitting) 

A. Georges, LdM, J. 
Mravlje, Annual 
Reviews Cond. Mat. 4, 
137 (2013) 

Imada, Fujimori, Tokura, RMP 70, 1039(1998)  

3-band Hubbard model (t2g density of  states) 

DMFT 



Divergence of  the compressibility on a cross-over line departing from the Mott 
transition at half  filling 
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Compressibility in 2/3/5-orbital Hubbard model 
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Hund’s metal frontier and enhanced compressibility 
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Hund’s metal frontier and enhanced compressibility 



In a Fermi liquid: 
 
 
� =

�0/Z

1 + F s
0

If  χ diverges for a finite Z   !   F0
s < 0  

! attraction (q=0, ω -> 0) between quasiparticles 

•  in presence of  some electron-boson coupling:  
 (Ward identity for the density vertex) 

•  Phase separation ! superconductivity scenario very much studied in the 90’s  
 for Cuprates 
 cfr:   Emery, Kivelson and Lin, PRL 64, 475 (1990) 
  Grilli et al. PRL 67, 259 (1991) 
  Castellani, Di Castro and Grilli, PRL  75, 4650 (1995) , … 

⇤(q ! 0,! = 0) =
1

Z(1 + F s
0 )

! enhanced   ∼ χ 

•    

In this region not only the quasiparticle energies are renormalized non-trivially, 
but also their interactions (mutual and with low-energy bosons)! 

Enhanced compressibility and superconductivity 
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Enhanced compressibility in BaFe2As2 



transition nearly at the magnetic-superconducting transition. As
the electron-lattice coupling is not considered in the present
ab initio model, the structural transition cannot be reproduced.
Nevertheless, the present result supports that the orthorhombic-
tetragonal transition is driven by the transition of the nematic
order accompanied by the magnetic transition, which supports that
the first-order transition is driven by the electronic mechanism.

The consistency with the experimental result at lB0.97
implies a slight (o5%B0.1 eV) overestimate in the ab initio
values of the interaction, which could arise from the possible
error in the downfolding procedure, and we conclude
the essential agreement between the calculated result with the
experiment. Furthermore, beyond the present electronic
ab initio scheme, such a small reduction of the effective
interaction may arise from the electron–phonon interaction,
where the frequency-dependent effective attraction was esti-
mated as 0.4 eV but only within the range of the Debye
frequency B0.02 eV (ref. 56).

The AF phase disappears and the superconductivity emerges in
the mother compound LaFePO (ref. 57). This is again consistent
with the present phase diagram as the ab initio model of LaFePO
corresponds to lo1 and d¼ 0 (ref. 11).

By increasing l beyond 1.0, the AF phase becomes quickly
wider up to d¼ 0.3. This sensitivity to the interaction

may account for recent experimental results of LaFeAsO1" xHx,
where the AF phase reappears in the overdoped region d\0.4
(refs 58,59). Actually, it is reported that hydrogen substitution
increases the anion height around d¼ 0.5 (ref. 60). The increase
enhances the effective interactions because the screening from the
anion p orbitals becomes poorer45. The reappearance of the AF
phase in LaFeAsO1" xHx accounted in this way is an interesting
future subject of the first principles study.

Control of off-site interactions. To get further insight
into the superconducting mechanism, let us study the
ab initio model but here by switching off the off-site interactions
Vnn and Vnnn.

The ground states again contain the LAF (0odo0.1), SAF
(0.15odo0.24) and superconducting phases (0.24odo0.32), as
well as the spinodal (0.1rdr0.15) region under the constraint of
uniformity, which are not appreciably different from the ab initio
model. However, the phase separation region is substantially
widened to 0.08rdr0.3 as we see in Fig. 5a. Therefore, all of the
SAF phase and most of the superconducting phase
(0.24odo0.3) become preempted by the phase separation
region. Although the superconducting order parameter is
substantially increased by switching off the off-site Coulomb
interactions as we see in Fig. 5b, the stable superconducting
region substantially shrinks and appears only near d¼ 0.32
because of the widened phase separation region. This result shows
that the off-site Coulomb interactions are harmful for super-
conductivity in this case.

It was reported that the off-site interaction dramatically
suppresses the superconductivity in the single-band Hubbard
model61, whereas it is not in the present case. The origin is that
the robust first-order magnetic transition stabilized by the Hund’s
rule coupling cannot be suppressed by the off-site interaction here.
This keeps wide area of enhanced charge fluctuations as we see later,
although the phase separation itself is suppressed.
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In slave-spin mean-field it is simply a Fermi-liquid instability 
•  independent of  any symmetry breaking 
•  caused by Hund’s coupling 
•  universal feature of  Hund’s metals 

BaFe2As2 LaFeAsO 

LdM, PRL 118, 167003 (2017) 

Phase separation in VQMC 



P. Villar Arribi 
ESRF 

RPA-estimated U : bulk material deep within the “Hund’s metal” phase 
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Models and methods

Motivation

Pablo Villar Arribi & Luca de' Medici
European Synchrotron Radiation Facility, 71 Avenue des Martyrs, F-38000 Grenoble, France

Enhanced electronic compressibility in FeSe induced by Hund's coupling

The system:The system:  FeFeSeSe
●Hubbard-Kanamori Hamiltonian:

(Paper in preparation)

●An enhanced electronic compressibility is found in the surroundings of the relevant region of parameters for 

this material (U~4 eV, J/U=0.2).

●This enhacement is bigger with increasing pressure, reaching its maximum around 9GPa (optimal pressure). 

●FeSe monolayer shows an even larger electronic compressibility in a wider region.

●Correlation functions show the presence of a orbital selective regime in that region of parameters.

●Relevant mass enhancements 1/Zm, with a strongly renormalized dxy orbital.

Electronic 

compressibility:

Results and discussion

Iron-based superconductors (IBSC) are multiorbital strongly-correlated electron systems in which Hund's coupling plays a key role.1 Instabilities in the electronic compressibility of 

multiorbital models have been recently found in their Fermi-liquid description.2 This instabilities enhance some boson-mediated interactions which are thought to be relavant for the pairing 

mechanism in IBSC. 

FeSe, a multiorbital system in the intermediate to strongly correlated regime, shows a tetragonal to orthorhombic trasition at T~70K3 and becomes superconductor under 8K. This critical 

temperature becomes larger with increasing pressure, reaching a maximum value of 37K at P~9GPa.4 A monolayer of FeSe over STO has shown a Tc higher than 100K.5 We study the 

normal non-magnetic phase of this compound within Slave-Spins Mean-Field Theory, (SSMFT) which has successfully described iron pnictides in the past.6

Non-iterating term:

Multi-orbital interacting term (Hubbard U and Hund's coupling J. U'=U-2J ):

●SSMFT allows us to rewrite an effective quasiparticle Hamiltonian:

(Fermi-liquid description)
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S. Margadonna et al.,  Phys. Rev. B 80, 064506 (2009).

R.S. Kumar et al., J. Phys. Chem. B 114, 12597 (2010).

A.E. BoFhmer et al., Phys. Rev. Lett 114, 027001 (2015).

J.F. Ge et al., Nat. Mat. 14, 285 (2015).

Hardy et al., arXiv:1605.05485 (2016).

L de'Medici, arXiv:1609.01303 (2016).

L de’Medici, G Giovannetti, and M Capone, Phys. Rev. Lett. 112, 

177001 (2014).

L de'Medici and M Capone, arXiv:1607.08468 (2016).

M.D. Watson et al., Phys. Rev. B 91, 155106 (2015)

ARPES and Sommerfeld coefficient

�el  =dn/dµ

●The spin-flip and pair-hopping terms are neglected and only the non-magnetic 

phase at zero temperature is studied.

●Hopping parameters obtained by a tight-binding 

parametrization of the DFT band structure (Wien2k + 

Wannier90).

●U and J estimated from cRPA calculations.

●SSMFT on an effective model of the Fe-3d orbitals.

●An enhancement of the electronic compressibility is present in the system. It departs from the Mott transition at half filling 

(n=5.0), as it happens in models. 

●This enhancement is present in the beginning of the orbital-selective regime, which is known to be driven by Hund's coupling 

(LdM et al PRL). This is confirmed by the correlation functions, which show a saturation value in the case of the total local spin-

spin and a decrease in the degree of correlation in the interorbital charge fluctuations.

●ARPES measurements show contradictory results in which dxy electrons cannot be seen. This dxy electrons are strongly 

renormalized according to SSMFT, and this may cause them to become incoherent already at very low temperature, making this 

coherence-incoherence crossover undetectable both in ARPES and in specific heat measurements.

●SSMFT, which successfully describes the Sommerfeld coefficient of iron pnictides, fails in this case giving a value of 

40mJ/K mol much larger than experiments (~6). However, if the dxy contribution is substracted from the renormalized DOS ²·

(assuming the incoherent behavior of these electrons) the final result (~11) is much closer to experiments. 

●Experiments disagree regarding the actual height of the Se atoms over the Fe plane. The final results are quite sensitive to this 

parameters and the position of the peak may vary slightly, although the enhancement is always present.

For the kel to diverge, since Z is finite, F0s must become negative, which implies an attraction between 

quasiparticles in the particle-hole channel at q=0, ω 0. The interaction of quasiparticles with low-→

energy bosons can be enhanced also, and this can favor a symmetry breaking if a related susceptibility is 

correspondingly enhanced. This two mechanisms may, in general, favor superconductivity.

●Ward identity for the density vertex K(q,ω): 

●Electronic compressibility of the isotropic Fermi liquid metal:

FeSe: Tc grows under pressure 
FeSe monolayer: highest claimed Tc 

Pablo Villar-Arribi and LdM, unpublished 
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LdM, G. Giovannetti and M. Capone, PRL 112, 177001 (2014)  
     Selective Mott Physics as a key to Iron superconductors 

LdM,  Weak AND strong correlations in Fe Superconductors,  

      in “Iron-based Superconductivity”, Springer Series in Material       
      Sciences, Vol 211, pp 409-441 (2015)  

•  Hund’s metals: high local moments, enhanced correlations, selective 
•  Onset of  orbital selectivity easily highlights the Hund’s metal frontier 
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•  Hund’s induced phase-separation/enhanced qp interactions at Hund’s metal frontier 
•  The mechanism can be associated to orbital decoupling 
•  This can favor superconductivity 

LdM, Hund’s induced Fermi-liquid instabilities and enhanced quasiparticle interactions  
PRL 118, 167003 (2017) 
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Models and methods

Motivation

Pablo Villar Arribi & Luca de' Medici
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Enhanced electronic compressibility in FeSe induced by Hund's coupling

The system:The system:  FeFeSeSe
●Hubbard-Kanamori Hamiltonian:

(Paper in preparation)

●An enhanced electronic compressibility is found in the surroundings of the relevant region of parameters for 

this material (U~4 eV, J/U=0.2).

●This enhacement is bigger with increasing pressure, reaching its maximum around 9GPa (optimal pressure). 

●FeSe monolayer shows an even larger electronic compressibility in a wider region.

●Correlation functions show the presence of a orbital selective regime in that region of parameters.

●Relevant mass enhancements 1/Zm, with a strongly renormalized dxy orbital.

Electronic 

compressibility:

Results and discussion

Iron-based superconductors (IBSC) are multiorbital strongly-correlated electron systems in which Hund's coupling plays a key role.1 Instabilities in the electronic compressibility of 

multiorbital models have been recently found in their Fermi-liquid description.2 This instabilities enhance some boson-mediated interactions which are thought to be relavant for the pairing 

mechanism in IBSC. 

FeSe, a multiorbital system in the intermediate to strongly correlated regime, shows a tetragonal to orthorhombic trasition at T~70K3 and becomes superconductor under 8K. This critical 

temperature becomes larger with increasing pressure, reaching a maximum value of 37K at P~9GPa.4 A monolayer of FeSe over STO has shown a Tc higher than 100K.5 We study the 

normal non-magnetic phase of this compound within Slave-Spins Mean-Field Theory, (SSMFT) which has successfully described iron pnictides in the past.6

Non-iterating term:

Multi-orbital interacting term (Hubbard U and Hund's coupling J. U'=U-2J ):

●SSMFT allows us to rewrite an effective quasiparticle Hamiltonian:

(Fermi-liquid description)
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ARPES and Sommerfeld coefficient

�el  =dn/dµ

●The spin-flip and pair-hopping terms are neglected and only the non-magnetic 

phase at zero temperature is studied.

●Hopping parameters obtained by a tight-binding 

parametrization of the DFT band structure (Wien2k + 

Wannier90).

●U and J estimated from cRPA calculations.

●SSMFT on an effective model of the Fe-3d orbitals.

●An enhancement of the electronic compressibility is present in the system. It departs from the Mott transition at half filling 

(n=5.0), as it happens in models. 

●This enhancement is present in the beginning of the orbital-selective regime, which is known to be driven by Hund's coupling 

(LdM et al PRL). This is confirmed by the correlation functions, which show a saturation value in the case of the total local spin-

spin and a decrease in the degree of correlation in the interorbital charge fluctuations.

●ARPES measurements show contradictory results in which dxy electrons cannot be seen. This dxy electrons are strongly 

renormalized according to SSMFT, and this may cause them to become incoherent already at very low temperature, making this 

coherence-incoherence crossover undetectable both in ARPES and in specific heat measurements.

●SSMFT, which successfully describes the Sommerfeld coefficient of iron pnictides, fails in this case giving a value of 

40mJ/K mol much larger than experiments (~6). However, if the dxy contribution is substracted from the renormalized DOS ²·

(assuming the incoherent behavior of these electrons) the final result (~11) is much closer to experiments. 

●Experiments disagree regarding the actual height of the Se atoms over the Fe plane. The final results are quite sensitive to this 

parameters and the position of the peak may vary slightly, although the enhancement is always present.

For the kel to diverge, since Z is finite, F0s must become negative, which implies an attraction between 

quasiparticles in the particle-hole channel at q=0, ω 0. The interaction of quasiparticles with low-→

energy bosons can be enhanced also, and this can favor a symmetry breaking if a related susceptibility is 

correspondingly enhanced. This two mechanisms may, in general, favor superconductivity.

●Ward identity for the density vertex K(q,ω): 

●Electronic compressibility of the isotropic Fermi liquid metal:
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