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Hund’s metals
Nat Mat 10, 932 (2011)

and many 
more…
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Iron-based superconductors
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- relevant block: Fe-ligand (As, Se, Te) 
buckled plane 
- tetragonal/orthorhombic symmetry

Itinerant electrons:
- DFT gives correct FS topology     

(compensated semi-metal)
- multi-orbital: 5 bands (Fe 3d) at the  

Fermi level (W~4÷5eV)  
- Partially lifted degeneracy (crystal-
field splitting ~0.4eV) 
- n=6 conduction electrons

- Nesting of  FS pockets provides 
SDW and spin-fluctuations induce 
SC pairing (S±-wave)

Iron-based superconductors



DFT + multi-orbital Hubbard model

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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J: “Hund’s coupling”

Methods we use to solve it:
DMFT, Slave-spins MF,…

For a review of  Hund’s induced correlations: A. Georges, LdM, J. Mravlje, Ann. Rev. Cond. Mat. 4, 137 (2013)



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)
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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 

F. Rullier-Albenque, Comptes
Rendus Physique 17 (2016) 164-187

Multi-orbital fermi-liquid metals
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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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Fe-superconductors: specific heat
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- 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-
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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 



Fe-superconductors: local moments
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Hund’s metals
3 main features:

• enhanced electron correlations and masses

• orbital-selectivity of  the electron correlation strength

• high local spin configurations dominating the paramagnetic fluctuations
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compressibility enhanced: 
• in the doping zone where high-Tc happens
• at the entrance of  the Hund’s metal zone

Enhanced compressibility in BaFe2As2
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LiFeAs and its family

Pablo Villar Arribi and LdM, PRB 104, 125130 (2021)
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FeSe: Tc grows under pressure
FeSe monolayer: highest claimed Tc Tc
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FeSe with hybrid-functional DFT: quantitative accuracy 

ARPES (S.S. Huh et al., arXiV1903.08360)Our calculations
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TOMMASO GORNI et al. PHYSICAL REVIEW B 104, 014507 (2021)

FIG. 2. In-plane interband contribution to the optical conduc-
tivity (upper panels) and thermopower (lower panels) of FeSe,
computed in the renormalized-PBE, SSMF@PBE, and SSMF@HSE
cases. Optical conductivity calculations (solid lines, upper panels)
are compared with the experimental data for 205-nm-FeSe@CaF2

at T = 100 K [64] (open circles), and for a FeSe monocrystal al
T = 120 K [65] (open squares), both subtracted of their coherent
Drude peak. A Lorentzian broadening ! = 0.06 eV has been used in
the computation of the theoretical spectra. Thermopower calculations
(solid lines, lower panels) are compared with experimental data of
FeSe polycrystals (open circles from [66], full circles from [67]), for
the temperature range above the nematic transition, occurring around
T = 90 K at ambient pressure [68].

reads as

Re["#$ (%)] = 2&e2h̄
V

BZ!

k

" +!

"!
d%# f (%#) " f (% + %#)

%

$ Tr[vk#Ak(%#)vk$Ak(% + %#)], (5)

where f (%) is the Fermi function, Ak(%) is the spectral
function matrix, and vmm#

k# are the velocity matrix elements
computed within the Peierls approximation [69,70]. Within
SSMF quasiparticles have infinite lifetime, which implies an
unbroadened Drude peak in optics, an artificial feature in this
context. We thus examine only the interband contributions to
the optical conductivity [71], so to avoid empirical fittings
of the Drude width. In the upper panels of Fig. 2 we report
the interband contribution to the in-plane optical conductiv-
ity (i.e., in the Fe-Fe plane, along the Fe-Se direction) in
the renormalized-PBE, SSMF@PBE, and SSMF@HSE case.
Optical conductivity data in IBSC are usually interpreted by
means of two different Drude peaks, describing, respectively,
the coherent and incoherent electron dynamics. We choose to
subtract only the coherent Drude peak to the experimental
data, since the experimentally fitted incoherent one, with a
broadening of h̄/' % 0.2 eV [64], might include portions of

interband transitions. From the upper panels of Fig. 2 one
can see that SSMF@HSE better reproduces the experimen-
tal trends, predicting a main absorption around 0.6 eV and
a secondary one around 0.3 eV. The higher-energy transi-
tion is detected both in the FeSe monocrystal [65], around
h̄%0 % 0.55 eV at T = 120 K, and in 205-nm-FeSe@CaF2
[64], around h̄%0 % 0.62 eV at T = 100 K, whereas a less in-
tense interband transition is reported in 205-nm-FeSe@CaF2
around h̄%0 % 0.25 eV at T = 100 K. On the contrary,
both the renormalized-PBE and SSMF@PBE optics yield an
excessively intense absorption peak between 0.3–0.4 eV, high-
lighting the crucial role played by screened Fock exchange in
reproducing not only the band structure in detail but also the
bands orbital character, which shapes—through the velocity
matrix elements—the interband optical conductivity. We fi-
nally notice that in the SSMF@HSE case a fainter interband
absorption around 0.1 eV is present and not reported by either
experiment. Its intensity and position suggest that it might
have been incorporated into the empirically-fitted incoherent
Drude peak, with a consequent overestimation of its intensity.

The Seebeck effect, i.e., the induction of a charge cur-
rent due to a thermal gradient, is a phenomenon sensitive
to the details of the electronic structure within the ther-
mal energy windows, making thermopower measurements a
standard probe for Fermi surface reconstructions and related
low-energy properties [72]. For the same reason, it provides
a very challenging playground for theoretical predictions,
where even the qualitative agreement has not to be taken
for granted [73]. In a system showing no transverse current
response, the thermopower is a diagonal tensor reading as

S## (T ) = " 1
eT

"
d((( " µ)

#
") f

)(

$
*## (()

"
d(

#
") f

)(

$
*## (()

, (6)

where e is the absolute value of the electron charge, and both
the chemical potential µ and the derivative of the Fermi func-
tion f (() are meant at their temperature-T value. The integrals
in Eq. (6) involve the transport distribution function *#$ (() =
2& h̄
V

%
k Tr[vk#Ak(()vk$Ak(()] that we evaluate within SSMF.

This is a quite rough approximation, since it implies a con-
stant relaxation time that simplifies between numerator and
denominator in Eq. (6). Furthermore, we neglect phonon-drag
effects. The in-plane thermopower as a function of tempera-
ture is shown in the lower panels of Fig. 2, compared with
experimental data on polycrystalline samples. Local correla-
tions alone are unable to predict the correct trend and sign
over the whole temperature range, whereas the inclusion of
screened Fock exchange (SSMF@HSE) restores the correct
behavior below room temperature, where the agreement with
experiments is closer, and predicts a change of sign within the
tetragonal phase when lowering the temperature. The agree-
ment with the experimental data deteriorates as T decreases,
which can be partially explained by the lack of spin-orbit
coupling (SOC) in our calculations. Indeed, band splittings up
to 20 meV have been related to SOC in FeSe [10,25,57,74,75],
enough to affect the low-temperature behavior of the Seebeck
coefficient (see dashed line in the last panel of Fig. 2 and
Supplementary Material [42]).
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FIG. 1. Calculated band dispersion along the MY -!-MX path
(solid lines) on top of the corresponding ARPES dispersions from
Ref. [54] (grayscale), and kz = 0 Fermi surface of FeSe, shown in the
2-Fe Brillouin zone. The xy orbital weight is represented in a color
scale going from blue (zero weight) to orange (maximum weight).
Upper panel: PBE case renormalized by a constant factor 1/Z =
6. Upper-middle panel: SSMF@PBE solution with local interac-
tion parameters U = 4.2 eV and J/U = 0.20. Lower-middle panel:
SSMF@HSE solution with local interaction parameters U = 5.0 eV
and J/U = 0.20. Only the latter reproduces correctly the shrinking of
the Fermi pockets, the sinking of the xy band at !, and the band dis-
persions. In the two bottom panels, the SSMF mass renormalizations
for fixed J/U = 0.20 are reported for both reference Hamiltonians
considered. The Hund metal region is shaded in blue.

A crucial consequence of this band rearrangement is the net
reduction of the size of the Fermi pockets, pointing towards
static nonlocal Coulomb effects as the most likely pocket-
shrinking mechanism in FeSe. Furthermore, the competing
dynamical nonlocal scenario has been recently shown to be
quite ineffective in FeSe, even when accounting for realistic
nonlocal dynamical fluctuations [60]. We remark that the ob-
served Fermi surface shrinking is a multiband effect, with the
xz/yz pockets being more sensitive to local dynamical corre-
lations and the xy pockets more affected by nonlocal static

effects, as long as the local correlations are strong enough to
place FeSe in the Hund metal phase [42].

Finally, a relevant point that has never been explicitly
addressed in the literature to our knowledge is the lack of
compensation (between the volumes of the hole and elec-
tron pockets, due to the Luttinger theorem for Fermi liquids)
inferred from ARPES measurements (see Table 1 in the
Supplemental Material [42]). The experimentally reported
volumes of the xz/yz electron and hole pockets tend to com-
pensate one another, therefore the volume of the xy electron
pocket is expected to be compensated by a corresponding
hole pocket, which however has always escaped detection.
The general difficulty in resolving the xy bands in ARPES
[25], together with the prediction of a high xy scattering rate
[16], may lead to the conjecture that a faint, undetected xy
hole pocket is indeed present at the zone center. However, the
stark improvement in our calculated band structure produced
by the xy hole pocket sinking below the Fermi level, together
with the clear experimental detection of an xy band in the
same energy range in the low temperature phase [10], lead us
to discard the occurrence of an xy hole pocket in FeSe, and to
propose surface electron doping as the most likely explanation
to the lack of compensation in ARPES experiments. A precise
quantification of this doping would necessitate us to account
for finer energy scale effects such as spin-orbit coupling and
is beyond the scope of this study, we thus limit ourselves
to estimate that a rigid shift of the chemical potential in
the SSMF@HSE band structure reproduces the experimental
pocket sizes for an electron doping of about 0.1e! per Fe.

III. SPECIFIC HEAT

We now turn to the Sommerfeld coefficient "n, i.e., the
linear coefficient in the electronic specific heat as a function
of temperature. The Sommerfeld coefficient is proportional to
the bulk density of states (DoS) at the Fermi level, which is
ultimately a sensitive probe of the renormalized band struc-
ture and thus of electronic correlations [61]. Even though the
FeSe tetragonal phase is not stable below 90 K, hampering a
precise extrapolation of the specific heat to zero temperature,
a rough estimate of its Sommerfeld coefficient can be inferred
based on the low-temperature phase measurements, leading
to a value of about "n " 12 mJ mol!1 K!2 [62,63]. Compar-
ing with the ones predicted theoretically within the different
schemes, SSMF@HSE yields "n = 9.0 mJ mol!1 K!2, in
much closer agreement with the experimental estimate than
the SSMF@PBE value of "n = 36.6 mJ mol!1 K!2, or than
the (unrenormalized) PBE value of "n = 4.0 mJ mol!1 K!2.
The difference between the two correlated cases can again be
traced back to the xy band, whose positioning below the Fermi
level is further supported by this estimation.

IV. TRANSPORT PROPERTIES

In order to assess the quality of our band structure over
a broader energy range, we compute the optical conductivity
of tetragonal FeSe. Neglecting vertex corrections, its real part

014507-3

10
3

(W
cm

)-1

FeSe
inter-band optical conductivity

LaFe2As2

3.5 Study of strong correlation effects

3.5.1 Estimation of the value of U

As mentioned before, one of the main advantages of the Slave Spins method is that, because of its numerical efficiency,
we can explore the behaviour of the system for several possible combinations of U and J. Thus, we started by fixing
the ratio of J over U to 0.25, and the population to the expected nominal valency for Fe, i.e., n = 6.5e�/Fe. This
ratio of J over U was chosen because it has been previously found to be the most adequate one for other members
of the 122 family of IBSCs [20]. Then, doing a self-consistent calculation we obtained the value of the quasiparticle
weights Zm, the chemical potential µ, and �m for many different values of U. The next step is to use the value of these
parameters in equation 43, which allowed us to obtain a new effective fermionic Hamiltonians for each U. From these
calculations we could then obtain all the electronic properties of the system in each case. We began by calculating the
variation of the Sommerfeld coefficient and the quasiparticle weight as a function of U, as shown in fig. 12.

Recall that the DFT (U=0) estimation for � is too small by a factor of ⇠ 2 when compared to the experimental
prediction of 35mJ mol�1 K�2. We can obtain a much more accurate estimation for the value of the Sommerfeld
coefficient at � = 35.18mJ mol�1 K�2 by using U = 2.9 eV and J=0.25U. These values of U and J are remarkably
consistent with the values of U=2.7eV and J=0.25U that have been estimated before in electron- and hole-doped
BaFe2As2[19, 20].

Regarding the quasiparticle weight, we see that as the effect of electronic interaction becomes stronger, the different
d orbitals are not affected in the same way. Some orbitals become correlated faster than others, as we can see by the
different decrease rates of the quasiparticle weights. In this case, the less correlated orbital is dx2�y2 , which becomes
clearly separated from the other four orbitals. Among the remaining orbitals, dxz and dyz are slightly less correlated
than dz2 and dxy which remain nearly degenerate for all values of U.

We can identify three regions on figure 12b according to the relative strength of electronic interaction: At small U,
there is the normal metal region, where the effective quasiparticle mass of the different orbitals remains degenerate.
At very high U, there is the Hund’s metal region with high effective quasiparticle masses and high orbital selectivity,
close to the Mott transition. And, in between these values there is a crossover region separating the normal metal
phase from Hund’s metal.

At U = 2.9 eV, the system lies in the crossover region between the normal metal and Hund’s metal phases, and it
is already considerably correlated as it can be seen by the quasiparticle weights. For four out of the five d orbitals, Z
is already around 1/2, while the less correlated dx2�y2 is found at Z ⇠ 0.65.

An important difference with the case of BaFe2As2 is that, in that case, dx2�y2 and dz2 are the least strongly
correlated orbitals. While in our case, dx2�y2 remains the least strongly correlated orbital but, interestingly, dz2

becomes the most strongly correlated one.

(a) (b)

Figure 12: (a) Sommerfeld coefficient � and (b) orbital quasiparticle weight Zm as a function of U for LaFe2As2 with its nominal
filling of 6.5 electrons per Fe, and J/U = 0.25. In (a) the value of the DOS was estimated using two methods, which serve to
give an error estimation. The black lines show the experimental value of � found by [7] and U = 2.9 eV.

3.5.2 Electronic structure of LaFe2As2 including the effects of strong correlations

Figure 13 shows all the electronic properties of the system, recalculated at value of U that has been determined. Notice
that, while de size of the central structures increased at � and Z 0, the shapes of the Fermi surfaces remained mostly
unchanged.

In order to better understand the modifications in the band structure and the density of states, we also plotted the
new result together with the original result from the 10 Wannier orbital model (fig. 14). From this comparison, we
see that the band dispersion was significantly reduced, as states became much more localized in the case of U = 2.9
eV, J = 0.25U . The original DOS spanned ⇠ 3.6 eV around the Fermi energy, whereas the model corrected for strong
correlation effects spans only ⇠ 2.3 eV around the Fermi level.
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compressibility enhanced: 
• in the doping zone where high-Tc happens
• at the entrance of  the Hund’s metal zone

Enhanced compressibility: Fermi liquid
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In an isotropic Fermi liquid:

� =
�0/Z

1 + F s
0

If  c diverges for a finite Z   à F0
s < 0 

à attraction (q=0, w -> 0) between quasiparticles

• Phase separation à 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 )

à enhanced   ~ c

•

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

• in presence of  some electron-boson coupling (e.g. electron-phonon):
(Ward identity for the density vertex)
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Hund’s phenomenology analogous to the 5-orbital (and 3-orbital) case and to the 
realistic simulations for the Fe-superconductors: generic

Hund’s metal frontier: 2-orbital Hubbard model
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1st-order Mott transition at T=0 due to J
M. Chatzieletheriou, et al. in preparation (2021) 

2-orbitals, density-density interaction, 
J/U=0.25 – half-filling 
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1st-order Mott transition at T=0 due to J
M. Chatzieletheriou, et al. in preparation (2021) 

2-orbitals, density-density interaction, 
J/U=0.25 – half-filling 
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1st-order Mott transition at T=0 due to J
M. Chatzieletheriou, et al. in preparation (2021) 

2-orbitals, density-density interaction, 
J/U=0.25 – half-filling 
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1st-order Mott transition at T=0 due to J
M. Chatzieletheriou, et al. in preparation (2021) 

2-orbitals, density-density interaction, 
J/U=0.25 – half-filling 

0

0.05

0.1

0.15

0.2

0.25

0 0.1 0.2 0.3 0.4 0.5

do
pi
ng

chemical potential

U/D=1.7
U/D=1.65
U/D=1.6
U/D=1.55
U/D=1.51
U/D=1.45

0

0.05

0.1

0 0.05 0.1 0.15 0.2 0.25

do
pi
ng

chemical potential

U/D=1.38
1.37
1.36
1.35
1.34
1.33
1.32
1.31
1.3
1.29
1.28

see also: Kotliar, S. Murthy and Rozenberg,  PRL89 (2002) 
Steinbauer et al. PRB 100 (2019)

DMFT

0

0.05

0.1

0.15

0.2

0.25

0.3

1.2 1.25 1.3 1.35 1.4 1.45 1.5
Uc1 Uc2

Q
ua
si
pa
rti
cl
e
w
ei
gh
tZ

interaction strength U/D

0

0.2

0.4

0.6

0.8

-3 -2 -1 0 1 2 3

A(
ω
)

ω

U/D=1.5
U/D=1.501

finite J à 1st order transition



interaction strength

chem
ical p

otenti
alqu

as
ip
ar
tic
le
w
ei
gh
t

0

1

Uc1 Uc Uc2

µc2
µc1

Mott 1st order à Phase Separation and QCP
M. Chatzieletheriou, et al. in preparation (2021) 

2-orbitals, density-density interaction, 
J/U=0.25 – half-filling
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Mott 1st order à Phase Separation and QCP
M. Chatzieletheriou, et al. in preparation (2021) 

2-orbitals, density-density interaction, 
J/U=0.25 – half-filling
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Landau analysis
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1st order due to ground-state splitting
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Extension of  the instability with symmetry breaking
3 orbitals with crystal-field splitting 5 orbitals with crystal-field splitting

density-density 3-orbital model
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Instability range is wider for:
• larger number of  orbitals
• larger crystal-field splitting
• density-density interaction
i.e. lower symmetry 
helps!



2D Hubbard model for Cuprates

related to the opening of the Mott gap (Fig. 4). Finally, the peak to
peak distance for the pseudogap does not extrapolate, as d R 0, to the
Mott gap, just as is observed in experiment30.

T* as the Widom line. Now we move to the relationship between the
pseudogap and the Widom line emanating from the critical point at
finite doping. Fig. 4 shows in the T 2 d plane the doping evolution of
the various T*, identified above as inflection points in A(v 5 0)
along constant T or constant d paths, and as inflection points in
x(T) and Probsinglet(T) at constant d. The different T* lines for the
pseudogap move closer to each other along the Widom line as we
approach the critical endpoint. The interrelation between T* and
Widom line is our main finding. Therefore our work shows that
the dynamic crossover associated with the buildup of the pseu-
dogap is concomitant with a crossover in the thermodynamic
quantities, as observed in supercritical fluids. The organizing
principle of these phenomena is the Widom line. One can thus
interpret T* as the Widom line, or, equivalently, consider the
Widom line as a thermodynamic signal of T*. Our results suggests
that all indicators (both thermodynamic and dynamic) of the
pseudogap temperature scale T* should approach each other with
increasing doping, joining a critical endpoint of a first-order
transition, which thereby appears as the source of anomalous
behavior. In this view, pseudogap and strongly correlated Fermi
liquid are separated from each other at low temperature by a first-
order transition and are thus two distinct states of matter, just as
liquid and gas are two distinct states, or phases.

Discussion
Common theories to explain the pseudogap phase include the pres-
ence of rotational and/or spatial broken-symmetry phases as an
essential ingredient. By contrast, in our approach the pseudogap is
a consequence of large screened Coulomb repulsion that leads to
strong singlet correlations in two dimensions reminiscent of resonat-
ing valence bond physics27. Competing phases are not necessary to
obtain a pseudogap. The pseudogap phase can however be unstable
to such phases. We therefore provide a new and generic mechanism
for the pseudogap in doped Mott insulators, according to which the
pseudogap state is a new state of matter, whose characteristic tem-
perature T* corresponds to the Widom line arising above a first-
order transition.

The Mott transition is often masked by broken-symmetry states.
Similarly, our finite-doping transition is masked by the supercon-
ducting phase for instance31. Nevertheless the rapid crossover be-
tween pseudogap and metallic phases observed above the broken-
symmetry states is accessible and can be controlled by the Widom
line. Such rapid change in dynamics is a hallmark of the Widom
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Figure 3 | T* from spin susceptibility and plaquette eigenstates. (a), probability of the following plaquette eigenstates as a function of temperature, for
several values of doping: the singlet | N 5 4, S 5 0, K 5 (0, 0)æ and the triplet | N 5 4, S 5 1, K 5 (p, p)æ (squares and triangles respectively), where N, S, K
are the number of electrons, the total spin and the cluster momentum of the plaquette eigenstate. (b), the zero-frequency spin susceptibility
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! b
0 Sz t! "Sz 0! "h idt as a function of temperature for several values of doping. Sz is the projection of the total spin of the plaquette along the z

direction. The inflection point of these curves as a function of T, marked by a solid symbol, is our estimate of T*. Data are for U 5 6.2.
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Figure 4 | Pseudogap temperature T* along the Widom line. T – d phase
diagram for U 5 6.2 (see Supplementary Fig. S3 for the T – m phase
diagram). The pseudogap temperature scale T* is computed from the
inflection point along paths at constant d of A(v 5 0)(line with green
circles), x(T) (magenta circles) and Probsinglet(T) (cyan circles). The
T* line appears as soon as the Mott insulator is doped and joins the critical
endpoint (Tp, dp) (orange circle) of a first-order transition away from half-
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emanates from the critical endpoint. The critical point moves to large
doping and low temperatures with increasing U12,13. The hatched region
corresponds to the instability region bounded by the spinodals.
Extrapolations to T 5 0 are a guide to the eye. On the right vertical axis we
convert into physical units by using t 5 0.35 eV.
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FIG. 2. (Color online) (a) Doping (!) dependence of averaged
dx2!y2 -wave superconducting correlations P̄x2!y2 and peak values of
spin structure factors S(qpeak) for U/t = 10 and V = J = 0. Doping
rate ! is defined as ! = 1 ! Ne/Ns, where Ne (Ns) represents the
number of electrons (system size). We note that the incommensurate
spin orders or stripe phases are not found in the relevant doping
region ! ! 0.2, even when we employ large sublattice structures.
We also note that the charge structure factors have no significant
peak at q "= 0. (b) Doping dependence of condensation energy "E.
The condensation energy is defined as "E = (ESC ! ENormal)/Ns,
where ESC (ENormal) is the total energy of the superconducting
phase (normal phase). The calculations are performed for sizes of
Ns = 12 # 12,14 # 14,16 # 16 on the square lattice, and we confirm
that the finite-size effects are negligibly small. The shaded region
denotes the PS region and the black dashed line represents the
spinodal point. Details of PS are shown in the main text and Fig. 3.
The superconducting phase without PS remains only in the yellow
region. In the present plots and the plots in the later figures, the
error bars indicate the estimated statistical errors of the Monte Carlo
sampling.

0.1. The antiferromagnetic quantum critical point (AFQCP)
where the antiferromagnetic spin fluctuations diverge appears
at ! $ 0.18. The d-wave superconductivity coexists with the
antiferromagnetism in the ground state for ! ! 0.18. The
coexistence has been theoretically studied before in several
different contexts [8,10,39,40]. The coexistence is basically
consistent with the multilayer cuprates [2], where the PS may
be suppressed by the interlayer self-doping.

To examine the effects of charge fluctuations, the doping
dependence of the chemical potential µ is shown in Fig. 3,
where the uniform charge susceptibility #c % dn/dµ monitors
the charge fluctuation. (See Appendix E for the charge
structure factor in the PS region.) The spinodal point of doping
(!s), where charge fluctuations diverge (#!1

c = 0), is found
to increase at larger U . Accordingly, the PS region becomes
wider by increasing U/t . If we enforce the charge uniformity,
the superconducting correlation has a maximum at around
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FIG. 3. (Color online) Doping dependence of chemical poten-
tial for U/t = 4,8,6,10, V = J = 0, and system sizes L =
6,8,10,12,14,16, where Ns = L # L. We note that different size
results are essentially on the same curve. For U/t = 4, our mVMC
successfully reproduces the results of quantum Monte Carlo (QMC)
represented by black crosses [4]. By fitting the chemical potential
with the second-order polynomials, we estimate the spinodal point,
where (dn/dµ)!1 = 0. We also estimate the PS region (! < !1st)
by performing Maxwell’s construction using the fitted second-order
polynomials. Maxwell’s construction for U/t = 10 is shown by the
(black) dotted line. For U/t = 10, we estimate that the PS occurs
for ! < !1st $ 0.195. We also estimate that the spinodal point, in
which the charge compressibility diverges (#!1

c = 0), is located at
!s $ 0.178 for U/t = 10. To ensure the existence of the PS, we
further perform the first-step power Lanczos calculations (see Fig. 19
in Appendix F) and confirm that the Lanczos step changes µ little.
This result indicates that little improvement of energy affects the PS
region.

!s $ 0.14 (the spinodal point depicted by the dashed black line
in Fig. 2) for U/t = 10. This indicates that the enhanced charge
fluctuations stabilize the superconducting phase at around half
filling.

However, if the long-range Coulomb interaction is sup-
pressed as in the Hubbard model, the present result indicates
that in a wide region of the nominal doping concentration, the
system undergoes a real-space PS into the antiferromagnetic
Mott insulator and the superconducting region with the pinned
Tc. This prediction is in striking agreement with the recent
interfacial superconductivity [3].

B. Effects of intersite interactions

Here, to control the charge fluctuations, we
introduce nearest-neighbor Coulomb interactions V
(HV = V

!
&i,j' ninj ), which inevitably exit in real materials.

(See also Appendix A for previous studies.) As we see in
Fig. 4, although a small V/t = 1 drastically shrinks the PS
region (gray shaded region), the antiferromagnetic ordered
moment and the AFQCP do not change appreciably. Although
the superconducting correlations show a peak around the
AFQCP, the condensation energy is largely reduced to almost
zero, as shown in the inset of Fig. 4. This result supports
the fact that the superconducting phase is predominantly
stabilized by the enhanced charge fluctuations. We note that
the next-nearest hopping t ( destabilizes the superconductivity
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large particle-hole asymmetry [34], as found in experi-
ments [61]; On the other side of the transition, at large
doping, superconductivity emerges from the normal-state
correlated metal, and the superconducting density of states
at low frequency close to the normal-state transition is
particle-hole symmetric. Our contribution is to link the
features of the superconducting density of states to the
underlying normal-state first-order transition.

Superconductivity from Mott physics.—The above
analysis shows that superconductivity arises by approach-
ing the Mott insulator as a function of both the interaction
strength and the doping. The two routes to create super-
conductivity are related, as sketched by the (U,!, T) phase
diagram in Fig. 4. The critical end point (!p, Tp), hidden
by the superconducting phase in the (!, T) plane of that
figure, is connected to the familiar Mott end point (UMIT,
TMIT) at half filling (see dotted line in Fig. 4). The latter
appears above the superconducting phase. Recent work at
half filling [35] did not find a direct transition between the
superconductor and the Mott insulator.

Previous CDMFT works [25,27–29,31,34,62] at zero
temperature reported a doping dependence of the order
parameter ! similar to the one found here, but the doping
dependence of Td

c could only be surmised. Our contribu-
tion is to show that Td

c does not scale with !!"" when a
pseudogap is the underlying normal state. Td

c remains finite
as the Mott insulator is approached, implying that Mott
physics does not suppress Td

c even though it suppresses the
order parameter. In the region where there is a normal-state
pseudogap, Td

c represents a local pair-formation [57,58]
temperature scale that is distinct from both T# and the

actual superconducting long-range phase coherence Tc.
In addition, we find that a classical, not quantum, critical
point at finite temperature between a pseudogap and a
correlated metal [51–53] continues to control the distinct
pseudogap physics above Td

c , even though the supercon-
ducting phase replaces the normal-state first-order transi-
tion at low temperature. This finding has to be contrasted
with the quantum critical point reported in previous work
[63]. Because those calculations were limited to high
temperatures, they did not detect the normal-state first-
order transition.
The phase diagram as a function of interaction strength,

doping, and temperature that we found shows that a tran-
sition directly to the superconducting state from a Mott
insulator is possible at the dynamical mean-field level,
whether the transition is bandwidth or doping driven.
Since Td

c is finite at infinitesimal doping, the transition
appears as first order in both cases. Hence, the experimen-
tally observed drop of Tc at low doping must come from
mechanisms not included here, such as long wavelength
fluctuations [46–50], competing order [42], or disorder
[59,60]. Long-wavelength fluctuations should be important
near the Mott transition because the order parameter de-
creases rapidly with decreasing doping, contrary to Td

c , yet
Td
c retains a role as a local pair formation temperature

FIG. 3 (color online). Low frequency part of the local density
of states #!!" atU $ 6:2t, T=t $ 1=100 for the normal state and
the superconducting state (red dashed and blue solid lines). For
" % 0:01, 0.03, 0.04 [panels (a), (b), (c), respectively] the super-
conducting state emerges from the underlying normal-state
pseudogap metal. It inherits a strong particle-hole asymmetry.
For " % 0:06 the superconducting state emerges from a corre-
lated normal-state metal, and the density of states, near the
transition, approximately recovers particle-hole symmetry at
low frequency.

FIG. 4 (color online). Schematic temperature—chemical-
potential—interaction strength phase diagram based on
CDMFT solution of the two-dimensional Hubbard model. Cuts
at particle-hole symmetry (! $ 0) and at constant U >UMIT are
shown. Since we set t0 $ 0, the phase diagram is symmetric with
respect to the ! $ 0 plane. The first-order transition between a
metal and a Mott insulator in the ! $ 0 plane is connected with
the first-order transition between the pseudogap and a correlated
metal in the U >UMIT plane [51,52]. Tp begins at TMIT. The
superconducting temperature Td

c , delimiting the region where !
is nonzero, is also shown. In the phase diagram, the super-
conducting phase emerges from the normal state metal close
to the Mott insulator.
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Figure 10. (a) Filling, n, versus chemical potential, m, for T = 0.077t, Nc = 16, U = 6t and various
t ! is shown in solid lines and the compressibility, dn/dm, in dashed lines. A critical filling, identified
by the peak in the compressibility, appears at higher temperatures and fillings as t ! is increased.
The inset shows the t ! dependence of the critical filling, nc. (b) Schematic phase diagram of the
Hubbard model in the m, t ! and T space (neglecting superconductivity). The classical critical point
turns asymptotically into a QCP as t ! " 0. (Online version in colour.)

Let us discuss now how this phase separation, which occurs at finite
temperature, is related to quantum criticality. The key parameter is the next-
nearest-neighbour hopping, t !. For t ! = 0, there is no evidence for phase separation
at finite T , but such a phase separation occurs for positive t !. Khatami et al. [43]
performed a systematic analysis of the phase diagram of the extended Hubbard
model as a function of t !. As shown in figure 10a, the compressibility, cc = dn/dm,
exhibits a peak for all positive t ! at a critical filling that depends on t !. The width
of the peak measures the distance from the critical temperature: the sharper
the peak, the closer to Tc the employed temperature is. We see that the critical
temperature increases with t ! and it starts from Tc = 0 at t ! = 0. These results
point to the phase diagram of figure 10b. At a positive t !, a charge separation
occurs at temperatures T < Tc(t !) and at a critical filling nc(t !) between an
incompressible and insulating ML and a compressible metallic MG. Right at Tc,
there is a terminating second-order critical point. By decreasing t !, this second-
order critical point is pushed down to lower temperatures. Presumably, the line
of second-order critical points terminates at the QCP.

Such a scenario constitutes a new path to quantum criticality as it is
closely tied to charge fluctuations rather than spin fluctuations. However,
numerous simulations suggest that a finite positive t ! enhances antiferromagnetic
correlations, and since phase separation is only present for t ! > 0, it suggests
that it is driven by strong spin correlations. In addition, previous simulations
incorporating Holstein phonons to the Hubbard model found that phonons also
enhance the phase-separation instability [44]. As t !/t " 0 (and the electron–
phonon coupling vanishes), the phase-separation critical point approaches zero
temperature, becoming a QCP. Here, the first-order behaviour is absent from the
phase diagram (figure 4b), leaving only the adiabatic path from the ML to the
MG, which passes through the supercritical region, which is now the QC region.
The crossover scale TX and the pseudo-gap scale T # are now understood as the
boundaries of the QC region. As we cross the line of T # from the QC region
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Unified scenario: high Tc at the frontier between weak and selective correlations
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BaFe2As2: experimental phase diagram
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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Charge Carriers/Fe 
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see also: Werner et al., “A spin-freezing view on Cuprates”, Phys. Rev. B 94, 245134 (2016)
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LdM, Hund’s metals, explained, Juelich lecture, ArXiv:1707.03282

• Hund’s metals: high local moments, enhanced, selective correlations
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• Hund’s induced phase-separation/enhanced qp interactions at 
Hund’s metal frontier, could favor superconductivity
LdM, Hund’s induced Fermi-liquid instabilities and enhanced quasiparticle interactions
PRL 118, 167003 (2017)
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Conclusions and References

Is local many-body physics at the Hund’s metal 
frontier the BOOSTER of  superconductivity in Fe-

superconductors?  Analogy with Cuprates?
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• The charge instability is due to a quick unquenching of  local fluctuations
• First-order Mott transition at half-filling induces a QCP at finite doping
• Hund’s coupling degeneracy lifting is the cause
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!!/2, the double occupancy D!"n!n"# and the local DOS
at Fermi surface $(0) are plotted versus U for several tem-
peratures in Figs. 2%a&, 2%b&, and 2%c&, respectively. In Fig.
2%a&, "G(!/2) decreases monotonously when U increases at
T!0.04. As the temperature decreases, it decays more rap-
idly in the intermediate U regime. At T!0.025, a singular
point arises at U!2.34 where the slope diverges. Below this
temperature, the curve is still continuous, but has a
‘‘Z’’-shaped structure. With decreasing temperature, the
curve is compressed along "G(!/2) axis and the coexisting
regime extends along the U axis. This leads to a more pro-
nounced multiple-valued structure. We do not find slowing
down of this tendency as temperature is lowered down to T
!0.0025. Similar temperature evolution behaviors are also
observed in D"U 'Fig. 2%b&( and $(0)"U 'Fig. 2%c&(

curves. Within our numerical precision, the three kinds of
curves produce the same value of critical point (Uc , Tc) and
the same boundaries of coexistence regimes for T#Tc . This
is consistent with our conclusion that the unanalytical struc-
ture is universal for all thermodynamical quantities. The
critical temperature Tc and interaction Uc are thus estimated
to be Tc)0.025, Uc)2.34, which agree quite well with that
obtained from QMC: Tc!0.026$0.003, Uc!2.38$0.02.8
At the critical point, all three quantities have divergent slopes
with respective to U. From Figs. 2%a&–2%c&, the boundaries of
coexistence regime Uc1(T) and Uc2(T) are easily obtained,
in contrast to previous approaches.10,15,17
The double occupancy D is of special thermodynamical

significance. The free energy can be evaluated by integrating
along the D–U lines in Fig. 2%b&:

F%U ,T &!F%0,T &%!
0

U
D%U!,T &dU!. %3&

In Fig. 2%b&, D"U curves have similar unanalytical behavior
with v–P isotherms of van der Waals equation. At T*Tc ,
the curves of D–U are similar with those from IPT23 and
QMC.8 The Mott critical point (Uc , Tc) was studied in de-
tail by QMC8 and Landau theory of phase transition.23 At 0
#T#Tc , three solutions coexist in a regime around Uc . We
compare free energies of the three solutions for a fixed U and
find that the phase with intermediate D has the highest free
energy. For the metallic %with largest D) and the insulating
%with smallest D) phases, their free energies cross at the
point U!U*(T), i.e., FM(U*,T)!FI(U*,T). We solved
this equation numerically to determine U*(T). As U passes
by U* from below, a stable metallic phase 'FM(U ,T)
#FI(U ,T)( transits into a stable insulating phase
'FI(U ,T)#FM(U ,T)( %see Fig. 3&. This transition is accom-
panied with a finite jump +D of the double occupancy D,
which is determined by the Maxwell construction line as
shown in Fig. 2%b&. Hence the MIT at finite temperatures is
identified as a generic first-order phase transition. At T
#Tc , it is interesting that there is a discontinuous jump in
the slope of the D"U curve at U!Uc1(T). At this point,
,F/,U!D is continuous but ,2F/,U2! ,D/,U is discon-
tinuous. It means that the transition is of second order. This
singularity is directly evolved from that of the critical point
(Uc ,Tc) as temperature decreases. It turns out that the
second-order MIT at T!Tc does not disappear in the regime
T#Tc , but persists to the absolute zero temperature at a
metastable level. This feature of MIT is not unique among
the first-order phase transitions. In the double-exchange
model for manganites, a similar feature was observed in the
isotherm of charge density n versus chemical potential -
%see Fig. 2 in Ref. 21&. There, when the phase separation
%also a typical first-order phase transition& between paramag-
netic %PM& and ferromagnetic %FM& phases appears at T
#Tc , the second-order PM–FM transition persists at the
metastable level down to zero temperature.
Now we discuss the phenomenon of critical slowing

down. In a previous QMC study of MIT,10 the critical slow-
ing down in the convergence of iteration was observed near
the boundaries of coexistence regime, and it was used as the

FIG. 2. %a& U-dependence of "G(!/2) at T!0.04, 0.025,
0.015, and 0.005. %From top to bottom on the left-hand side.& %b&
and %c& Double occupancy D 'in %b&( and DOS at Fermi surface
$(0) 'in %c&( versus U at T!0.04 %squares&, 0.025 %down triangles&,
0.015 %dots&, and 0.005 %up triangles&. Thin lines are for guiding
eyes. The thick vertical line in %b& shows Maxwell construction for
T!0.005. In small U regime, the minor deviation of $(0) at T
!0.005 from 2/.W originates from the finite-size effect.
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FIG. 2. Doping d per spin as a function of the shifted chemical
potential m 2 U!2 for various T . Lower panel: QMC data
obtained at T ! 1!40, 1!30, 1!20, 1!16 (right to left), all above
TMIT. Upper panel: Similar data at T ! 1!64, 1!50, below
TMIT. The arrows indicate a hysteresis-like cycle obtained by
following the metallic and insulating solutions.

hysteresis-like cycle is obtained. The cycle becomes larger
at lower temperatures as the stability region of the solutions
increases. At T ! 1!64 we find that the metallic state per-
sists all the way down to zero doping at m ! U!2. This
implies that, for UMIT , U , Uc2, the mc2"T# line does
not go all the way down to T ! 0 in contrast to the case
when U . Uc2 (cf. Fig. 2).

To obtain the two solutions below TMIT, we first start at
high doping where only the metallic state exists, and then
decrease m as indicated by the left arrow in the upper panel
of Fig. 2. We use a converged solution as the input seed for
the next iteration. When the metallic solution disappears at
mc2, a sudden drop in the occupation is seen. To obtain the
other branch of the hysteresis loop, we begin with the in-
sulating solution at m ! U!2 "n ! 1# and slowly increase
m, again using the previous converged solution as seed for
the next value of m. This state is essentially incompress-
ible as n almost remains constant while increasing m. The
system is gradually doped until n jumps up at mc1, where
the insulating state becomes unstable. This procedure can
be used to map out the contour of the schematic phase dia-
gram of Fig. 1 [17].

Similar behavior was found in the two-band model, and
the results for the total occupation number n as a func-
tion of m are shown in Fig. 3. The QMC calculation was
performed at Dt ! 0.25 and U ! 3.0. At higher tempera-
tures, only one solution is present, whereas on lowering T
to 1!40 both metallic and insulating solutions coexist.

A common feature that emerges from the models is that,
in the regions where two mean-field solutions exist, the
system has two different values of n for given T and m.
Furthermore, these two solutions have different free ener-
gies and the actual thermodynamic state of the system is
that of minimum energy. Hence, a jump in the particle
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T=1/28
T=1/32

FIG. 3. Particle occupation n function of m for different tem-
peratures. in the two-band model at U ! 3.0. In the upper
panel, the temperatures are above the critical temperature while,
in the lower panel, we see coexistence at T , TMIT.

occupation is predicted at a first-order line. The determi-
nation of this line implies a precise calculation of the free
energy which, in principle, is possible but technically hard
and is outside the scope of the present work.

From the n versus m curves in Figs. 2 and 3, we com-
puted the numerical derivative of the particle number with
respect to the chemical potential to obtain charge com-
pressibility k. The results for k21 as a function of the
temperature above TMIT (Fig. 4) indicate that k21 ! 0 as
we approach the critical (thick solid) line in Fig. 1.

We also mention that in our simulations we observed
characteristic effects of enhanced fluctuations and critical
slowing down as the MIT is approached. Hence, simu-
lations have to be done with extreme care, appropriately
choosing the seeds for the iterative process and gathering
many sample points for accurate statistics. In practice, we
use up to $105 Monte Carlo sweeps and hundreds of it-
erations to obtain converged solutions when we are close
to the second-order critical line.
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FIG. 4. The inverse compressibility k21, at a constant doping
as a function of T . Left: One-band model at U ! 2.46 with
doping d ! 0.002. Right: Two-band model at U ! 3.0 at n !
1.003. The solid lines are a guide to the eye.
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Compressibility Divergence and the Finite Temperature Mott Transition
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In the context of the dynamical mean-field theory (DMFT) of the Hubbard model, we study the behav-
ior of the compressibility near the density driven Mott transition at finite temperatures. We demonstrate
this divergence using DMFT and quantum Monte Carlo simulations in the one-band and the two-band
Hubbard model. We supplement this result with considerations based on the Landau theory framework,
and discuss the relevance of our results to the a-g end point in cerium.
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The Mott transition, namely, the metal-insulator transi-
tion (MIT) driven by electron-electron interactions [1], is a
fascinating phenomenon realized experimentally in many
compounds such as V2O3 and Ni!Se, S"2 [2]. The Mott
transition concept is also relevant to elements in the lan-
thanide and actinide series [3]. Viewed from a broader
perspective, the Mott transition problem forces us to de-
velop tools to describe materials where the electron is not
fully described by either a real space picture or a momen-
tum space picture, and continues to spur advances in many
body and electronic structure methods.

On the theory side, the Hubbard model is the simplest
Hamiltonian that captures some of the essential physics of
the transition. It has been intensively studied in one di-
mension, but in this limit no finite temperature phase tran-
sition can take place. In recent years, theoretical progress
has been made in the understanding of the Mott-Hubbard
transition using the DMFT [4]. In this framework, the tran-
sition can be viewed as bifurcation points of a functional
[5,6] of the local Green’s function, or of its conjugate vari-
able, the Weiss field which describes the local environment
of a correlated site.

The case of the correlation strength !U" driven MIT at
half filling (particle-hole symmetric case) is now well un-
derstood. At temperature T ! 0, there are two bifurcation
points, one denoted by Uc1!T ! 0", where the insulating
solution disappears, and the other denoted by Uc2!T ! 0",
where the metallic state disappears in a fashion reminis-
cent of the Brinkman-Rice scenario [7]. As shown in the
inset of Fig. 1, in the U-T plane, at zero doping, the phase
diagram of the frustrated Hubbard model displays a re-
gion where two mean-field solutions, one metallic- and one
insulating-like, can be obtained. This region is delimited
by the Uc1!T" and Uc2!T" bifurcation lines. Within this
region, there is a first-order MIT line [8,9] where the free
energies of the two solutions cross. The line starts out at
Uc2 for T ! 0 and ends at a finite temperature second-
order critical point !UMIT, TMIT", which has the character
of a regular Ising bifurcation with a rapid variation of the
susceptibility connected to the double occupancy [10,11].

At higher temperatures, the Uc1!T" and Uc2!T" lines be-
come crossover lines, which have a well-defined experi-
mental significance [12].

The zero temperature aspects of the doping driven MIT
were studied in [13]. It was shown that in the U-m plane
!T ! 0" there are two solutions within a region bounded
by the curves mc1!U" where the insulating solution disap-
pears, and mc2!U" where the metallic state disappears. At
T ! 0, one finds that the mc1 line ends at U ! Uc1 and
m ! U#2, and the mc2 line ends at U ! Uc2 and m !
U#2. The finite temperature aspects of the doping driven
Mott transition have not been investigated thus far. This is
the subject of our paper.

Our main interest is the behavior of the charge com-
pressibility near the doping driven Mott transition in the
paramagnetic phase at finite temperatures. We will not
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FIG. 1. Schematic phase diagram for the Hubbard model. The
cross sections shown are on the T -m plane for different values
of U . mc1 and Uc1 are the chemical potential and interaction,
respectively, at which the insulating solution gets destroyed. mc2
and Uc2 are those at which the metallic solution gets destroyed.
The dashed lines denote the first-order transition. The thick
solid lines denote the second-order lines where the compress-
ibility diverges. The black circle at !UMIT, TMIT" denotes the
second-order transition at n ! 1. The Uc2!T ! 0" end point is
denoted with a grey circle. Inset: phase diagram at particle-hole
symmetry m ! U#2 (m̃ ! 0). Solid lines denote Uc1!T" (left)
and Uc2!T" (right).
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Slave-spins: connection with half-filling
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DMFT at T=0 – method comparison
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2-orbitals, density-density interaction, J/U=0.25 – half-filling



Local fluctuations and kinetic energy
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Local fluctuations and kinetic energy
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Multiplet population: doping a Mott insulator frees the locked degrees of  freedom

<Uc >Uc

A sudden unlocking increases strongly 
the kinetic energy and causes a 
negative curvature of  the total energy 
vs density, i.e. a charge instability

2 orbitals
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