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Motivation: Testing our 
ability to understand the 
electronic structure of 

complex 
correlated materials.

Developing DMFT into an 
electronic structure tool, 

understanding qualitatively universal 
and system specific  aspects.  
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Importance of Hund’s rule in pnictides:
Hunds Metals

LDA value
For J=0 there is negligible mass enhancement at U~W!

ZV/%;#

I1>%1?1@0%$',"<<:20$1"%#'1%'.%1@$1;:#A
:??:@$1=:'-0##'+PT'D0%;'-0##
KH, J.H. Shim, and G. Kotliar, PRL 100, 226402 (2008)

Sunday, September 29, 13



Importance of Hund’s rule in pnictides:
Hunds Metals

LDA value
For J=0 there is negligible mass enhancement at U~W!

ZV/%;#

Hubbard U not important
The Hund’s coupling brings correlations!
KH, G. Kotliar,  arXiv:0805.0722
New Journal of Physics, 11 025021 (2009).
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Two particle response of Hund’s metals: 
Dynamical structure factor
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FIG. 1: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
along the path (0,0)→(1,0)→(1,1)→(0.5,0.5)→(0,0) (in the unit of the one-Fe Brillouin zone) for (a) BaFe2P2 (Tmax

C < 2K); (b)
LiFeP (TC = 6K); (c)LaFePO (TC = 7K); (d) SrFe2As2 (Tmax

C = 37K); (e) LaFeAsO (Tmax
C = 43K); (f) BaFe2As2 (Tmax

C =
39K); (g) LiFeAs (TC = 18K); (h) FeSe (Tmax

C = 37K); (i)MgFeGe (Tmax
C = 0); (j)FeTe (Tmax

C = 0); (k) BaFe1.7Ni0.3As2
(TC < 2K); (l) BaFe1.9Ni0.1As2 (TC = 20K); (m) Ba0.6K0.4Fe2As2 (TC = 39K); (n) KFe2As2 (TC = 3.5K); (o) KFe2Se2. Since
the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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Figure 1 | Summary of neutron scattering and calculation results. Our experiments were carried out on the MERLIN time-of-flight chopper spectrometer
at the Rutherford-Appleton Laboratory, UK (ref. 33). We co-aligned 28 g of single crystals of BaFe1.9Ni0.1As2 (with in-plane mosaic of 2.5◦and out-of-plane
mosaic of 4◦). The incident beam energies were Ei = 20,25,30,80,250,450,600meV, and mostly with Ei parallel to the c axis. To facilitate easy
comparison with spin waves in BaFe2As2 (ref. 13), we defined the wave vector Q at (qx,qy,qz) as (H,K,L)= (qxa/2π ,qyb/2π ,qzc/2π) reciprocal lattice
units (r.l.u.) using the orthorhombic unit cell, where a= b= 5.564Å, and c= 12.77Å. The data are normalized to absolute units using a vanadium
standard13, which may have a systematic error up to 20% owing to differences in neutron illumination of the vanadium and sample, and time-of-flight
instruments. a, AF spin structure of BaFe2As2 with Fe spin ordering. The effective magnetic exchange couplings along different directions are shown.
b, RPA and LDA+DMFT calculations of χ ��(ω) in absolute units for BaFe2As2 and BaFe1.9Ni0.1As2. c, The solid lines show the spin wave dispersions of
BaFe2As2 for J1a �= J1b, along the [1,K] and [H,0] directions obtained in ref. 13. The filled circles and triangles are the spin excitation dispersions of
BaFe1.9Ni0.1As2 at 5 K and 150K, respectively. d, The solid line shows the low-energy spin waves of BaFe2As2. The horizontal bars show the full-width at
half-maximum of spin excitations in BaFe1.9Ni0.1As2. e, Energy dependence of χ ��(ω) for BaFe2As2 (filled blue circles) and BaFe1.9Ni0.1As2 below (filled red
circles) and above (open red circles) Tc. The solid and dashed lines are guides to the eye. The vertical error bars indicate statistical errors of one standard
deviation. The horizontal error bars in e indicate the energy integration range.

constant-energy cuts along the [1,K ] direction for E = 25 ± 5,
55±5, 95±10, 125±10, 150±10, and 210±10meV. The scattering
becomes dispersive for spin excitation energies above 95meV.
Figure 3g–i shows similar constant-energy cuts along the [H ,0]
direction. The solid lines in the figure show identical spin wave
cuts for BaFe2As2 (ref. 13). As both measurements were taken in

absolute units, we can compare the impact of electron doping on
the spin waves in BaFe2As2. At E = 25±5meV, spin excitations in
superconducting BaFe1.9Ni0.1As2 are considerably broader in mo-
mentum space and weaker in intensity than spin waves (Fig. 3a,g).
On increasing the excitation energy to 55± 5meV, the dispersive
spin waves in BaFe2As2 become weaker and broader (Fig. 3b,h).
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
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and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
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the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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FIG. 1: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
along the path (0,0)→(1,0)→(1,1)→(0.5,0.5)→(0,0) (in the unit of the one-Fe Brillouin zone) for (a) BaFe2P2 (Tmax

C < 2K); (b)
LiFeP (TC = 6K); (c)LaFePO (TC = 7K); (d) SrFe2As2 (Tmax

C = 37K); (e) LaFeAsO (Tmax
C = 43K); (f) BaFe2As2 (Tmax

C =
39K); (g) LiFeAs (TC = 18K); (h) FeSe (Tmax

C = 37K); (i)MgFeGe (Tmax
C = 0); (j)FeTe (Tmax

C = 0); (k) BaFe1.7Ni0.3As2
(TC < 2K); (l) BaFe1.9Ni0.1As2 (TC = 20K); (m) Ba0.6K0.4Fe2As2 (TC = 39K); (n) KFe2As2 (TC = 3.5K); (o) KFe2Se2. Since
the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two

3

FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two

3

F
IG

.
2:

D
y
n
a
m
ic

sp
in

st
ru

ct
u
re

fa
ct
o
r
S
(q
,ω

)
in

ir
o
n

p
n
ic
ti
d
e
s,

ch
a
lc
o
g
e
n
id
e
s
a
n
d

M
g
F
e
G
e
.
T
h
e
S
(q
,ω

)
is
p
lo
tt
ed

in
th
e
2D

p
la
n
e
at

co
n
st
an

t
ω
=
5
m
eV

fo
r
th
e
sa
m
e
m
at
er
ia
ls

as
in

F
ig
.1
.
T
h
e
m
ax

im
u
m

in
te
n
si
ty

sc
al
e
fo
r
ea
ch

co
m
p
ou

n
d
is

m
ar
ke
d
as

a
n
u
m
b
er

in
th
e
b
ot
to
m
-l
ef
t
co
rn
er

of
ea
ch

su
b
p
lo
t.

(F
ig
s.

d
-h
)
is

th
u
s
th
e
ex
is
te
n
ce

of
w
el
l
d
efi
n
ed

h
ig
h

en
er
gy

d
is
p
er
si
ve

sp
in

ex
ci
ta
ti
on

s
w
it
h

b
an

d
w
id
th

b
et
w
ee
n

0.
1
−

0.
35

eV
,
an

d
m
os
t
im

p
or
ta
nt
ly

ve
ry

w
el
l
d
ev
el
op

ed
co
m
m
en
su
ra
te

lo
w

en
er
gy

sp
in

ex
ci
ta
ti
on

s
at

w
av
e
ve
ct
or

q
=

(1
,0
),
co
n
si
st
en
t
w
it
h
th
e
th
eo
ry

of
sp
in
-fl
u
ct
u
at
io
n
m
ed
ia
te
d
su
p
er
co
n
d
u
ct
iv
it
y2

4
,2
5
.

T
h
e
p
n
ic
ti
d
e
p
ar
en
t
co
m
p
ou

n
d
s
S
rF
e 2
A
s 2
,L

aF
eA

sO
,B

aF
e 2
A
s 2

h
av
e
st
ro
n
g
p
ea
k
ce
nt
er
ed

ex
ac
tl
y
at

q
=

(1
,0
),
w
h
il
e

in
L
iF
eA

s
an

d
F
eS
e
th
e
sp
in

ex
ci
ta
ti
on

is
p
ea
ke
d
sl
ig
ht
ly

aw
ay

fr
om

th
is

co
m
m
en
su
ra
te

w
av
e
ve
ct
or
.
C
on

se
qu

en
tl
y,

th
e
fo
rm

er
th
re
e
co
m
p
ou

n
d
s
h
av
e
an

ti
fe
rr
om

ag
n
et
ic

gr
ou

n
d
st
at
e,

w
h
il
e
th
e
la
tt
er

tw
o
ar
e
su
p
er
co
n
d
u
ct
in
g.

In
th
e

fo
rm

er
,
el
ec
tr
on

or
h
ol
e
d
op

in
g
is

n
ee
d
ed

to
su
p
p
re
ss

th
e
lo
n
g
ra
n
ge

m
ag
n
et
ic

or
d
er
,
an

d
to

st
ab

il
iz
e
th
e
co
m
p
et
in
g

su
p
er
co
n
d
u
ct
in
g
st
at
e.

In
F
ig
s.
1&

2f
,
k-
n
w
e
il
lu
st
ra
te

th
e
d
op

in
g
d
ep

en
d
en
ce

of
th
e
sp
in
-e
xc
it
at
io
n
sp
ec
tr
u
m

on
th
e

ex
am

p
le

of
el
ec
tr
on

d
op

ed
an

d
h
ol
e
d
op

ed
B
aF

e 2
A
s 2
,
i.
e.
,
B
aF

e 1
−
x
N
i x
A
s 2

an
d
B
a 1

−
x
K

x
F
e 2
A
s 2
,
re
sp
ec
ti
ve
ly
.
T
h
e

el
ec
tr
on

d
op

in
g
sl
ig
ht
ly

in
cr
ea
se
s
th
e
b
an

d
w
id
th

(c
om

p
ar
e
F
ig
.
1(
k)

w
it
h
F
ig
.
1(
f)
),

th
e
h
ol
e
d
op

in
g
d
ra
m
at
ic
al
ly

re
d
u
ce
s
th
e
b
an

d
w
id
th

fr
om

∼
0.
2
eV

to
∼

0.
05

eV
in

ov
er
d
op

ed
K
F
e 2
A
s 2

2
0
,2
6
(F

ig
.
1(
n
))
.

T
h
e
lo
w

en
er
gy

sp
in

ex
ci
ta
ti
on

s
in

th
e
el
ec
tr
on

ov
er
d
op

ed
B
aF

e 1
.7
N
i 0
.3
A
s 2

b
ec
om

e
ve
ry

w
ea
k
an

d
st
ro
n
gl
y
in
co
m
m
en
su
ra
te

2
0
w
it
h
p
ea
k

ce
nt
er
ed

at
q=

(1
.0
,
0.
35
)
(s
ee

F
ig
.
2k

).
S
im

il
ar
ly
,
on

th
e
h
ol
e
ov
er
d
op

ed
si
d
e
in

K
F
e 2
A
s 2
,
th
e
lo
w
-e
n
er
gy

sp
ec
tr
u
m

is
su
p
p
re
ss
ed

(m
ax

im
u
m

in
te
n
si
ty

in
F
ig
.
2n

is
15

co
m
p
ar
ed

to
10
0
in

th
e
p
ar
en
t
co
m
p
ou

n
d
),

an
d
m
ai
n
ex
ci
ta
ti
on

p
ea
k
m
ov
es

to
in
co
m
m
en
su
ra
te

q=
(0
.7
5,

0)
in

ag
re
em

en
t
w
it
h

ex
p
er
im

en
t.
2
0
,2
7
T
h
e
op

ti
m
al
ly

d
op

ed
co
m
p
ou

n
d
s

(F
ig
s.

1l
,m

)
h
av
e
h
ig
h
en
er
gy

sp
in

ex
ci
ta
ti
on

s
ve
ry

si
m
il
ar

to
th
e
p
ar
en
t
co
m
p
ou

n
d
,
w
h
il
e
th
e
lo
w

en
er
gy

ex
ci
ta
ti
on

s

ar
e
sl
ig
ht
ly

re
d
u
ce
d
an

d
b
ro
ad

en
ed

in
m
om

en
tu
m

sp
ac
e
(F

ig
.
2l
,m

),
to

su
p
p
re
ss

lo
n
g
ra
n
ge

m
ag
n
et
ic

or
d
er

of
th
e

p
ar
en
t
co
m
p
ou

n
d
.
T
h
is
is
ve
ry

si
m
il
ar

to
th
e
sp
ec
tr
u
m

of
L
iF
eA

s
an

d
F
eS
e,

w
h
ic
h
b
ot
h
h
av
e
su
p
er
co
n
d
u
ct
in
g
gr
ou

n
d

st
at
e.

F
ro
m

th
es
e
p
lo
ts
,
w
e
ca
n
d
ed
u
ce

th
at

n
ea
r
co
m
m
en
su
ra
te

or
co
m
m
en
su
ra
te

sp
in

ex
ci
ta
ti
on

s
at

q
=

(1
,0
),

w
it
h
so
m
e
fi
n
it
e
w
id
th

in
m
om

en
tu
m

sp
ac
e
to

re
d
u
ce

th
e
te
n
d
en
cy

to
w
ar
d
s
th
e
lo
n
g-
ra
n
ge

or
d
er
,
ar
e
es
se
nt
ia
l
fo
r

su
p
er
co
n
d
u
ct
iv
it
y.

N
ow

w
e
co
m
m
en
t
on

th
e
co
m
p
le
xi
ty

of
th
e
K

x
F
e 2

−
y
S
e 2

co
m
p
ou

n
d
s.

O
u
r
re
su
lt
s
fo
r
K
F
e 2
S
e 2

in
F
ig
s.

1&
2(
o)

in
d
ic
at
e
st
ro
n
g
lo
w

en
er
gy

sp
in

ex
ci
ta
ti
on

p
ea
ke
d
ar
ou

n
d
q
=

(1
,0
.4
).

V
ac
an

ci
es

in
th
e
K

si
te
,
w
h
ic
h
re
d
u
ce

th
e

eff
ec
ti
ve

el
ec
tr
on

d
op

in
g,

ca
n
m
ov
e
th
e
p
ea
k
to

q
=

(1
,0
)
an

d
fa
vo
r
su
p
er
co
n
d
u
ct
iv
it
y.

O
n
th
e
ot
h
er

h
an

d
,
va
ca
n
ci
es

in
th
e
F
e
si
te
s
m
ov
e
th
e
p
ea
k
to

q=
(0
.6
,
0.
2)

to
in
d
u
ce

n
ov
el

m
ag
n
et
is
m

in
K

0
.8
F
e 1

.6
S
e 2

2
8
.

W
h
er
ea
s
th
e
d
yn

am
ic

sp
in

st
ru
ct
u
re

fa
ct
or

S
(q
,ω

)
d
is
p
er
si
on

an
d
th
e
st
re
n
gt
h
of

th
e
lo
w

en
er
gy

sp
in

ex
ci
ta
ti
on

s

co
rr
el
at
e
w
it
h
ex
p
er
im

en
ta
l
T
c
ac
ro
ss

m
an

y
fa
m
il
ie
s
of

ir
on

su
p
er
co
n
d
u
ct
or
s,

th
e
su
p
er
co
n
d
u
ct
in
g
p
ai
ri
n
g
sy
m
m
et
ry

an
d

th
e
va
ri
at
io
n

of
th
e
su
p
er
co
n
d
u
ct
in
g
ga
p
s
on

th
e
d
iff
er
en
t
F
er
m
i
su
rf
ac
es

ca
n
n
ot

b
e
ex
tr
ac
te
d

fr
om

th
e
sp
in

d
yn

am
ic
s
al
on

e.
T
o
m
ak
e
fu
rt
h
er

p
ro
gr
es
s
on

th
is
is
su
es
,
w
e
co
m
p
u
te
d
th
e
co
m
p
le
te

sc
re
en
ed

in
te
ra
ct
io
n
b
et
w
ee
n
tw

o

#$%&'(')&*+,*-&+.
Sunday, September 29, 13



Theoretical Magnetic excitations
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FIG. 1: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
along the path (0,0)→(1,0)→(1,1)→(0.5,0.5)→(0,0) (in the unit of the one-Fe Brillouin zone) for (a) BaFe2P2 (Tmax

C < 2K); (b)
LiFeP (TC = 6K); (c)LaFePO (TC = 7K); (d) SrFe2As2 (Tmax

C = 37K); (e) LaFeAsO (Tmax
C = 43K); (f) BaFe2As2 (Tmax

C =
39K); (g) LiFeAs (TC = 18K); (h) FeSe (Tmax

C = 37K); (i)MgFeGe (Tmax
C = 0); (j)FeTe (Tmax

C = 0); (k) BaFe1.7Ni0.3As2
(TC < 2K); (l) BaFe1.9Ni0.1As2 (TC = 20K); (m) Ba0.6K0.4Fe2As2 (TC = 39K); (n) KFe2As2 (TC = 3.5K); (o) KFe2Se2. Since
the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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Theoretical Magnetic excitations
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FIG. 1: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
along the path (0,0)→(1,0)→(1,1)→(0.5,0.5)→(0,0) (in the unit of the one-Fe Brillouin zone) for (a) BaFe2P2 (Tmax

C < 2K); (b)
LiFeP (TC = 6K); (c)LaFePO (TC = 7K); (d) SrFe2As2 (Tmax

C = 37K); (e) LaFeAsO (Tmax
C = 43K); (f) BaFe2As2 (Tmax

C =
39K); (g) LiFeAs (TC = 18K); (h) FeSe (Tmax

C = 37K); (i)MgFeGe (Tmax
C = 0); (j)FeTe (Tmax

C = 0); (k) BaFe1.7Ni0.3As2
(TC < 2K); (l) BaFe1.9Ni0.1As2 (TC = 20K); (m) Ba0.6K0.4Fe2As2 (TC = 39K); (n) KFe2As2 (TC = 3.5K); (o) KFe2Se2. Since
the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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FIG. 1: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
along the path (0,0)→(1,0)→(1,1)→(0.5,0.5)→(0,0) (in the unit of the one-Fe Brillouin zone) for (a) BaFe2P2 (Tmax

C < 2K); (b)
LiFeP (TC = 6K); (c)LaFePO (TC = 7K); (d) SrFe2As2 (Tmax

C = 37K); (e) LaFeAsO (Tmax
C = 43K); (f) BaFe2As2 (Tmax

C =
39K); (g) LiFeAs (TC = 18K); (h) FeSe (Tmax

C = 37K); (i)MgFeGe (Tmax
C = 0); (j)FeTe (Tmax

C = 0); (k) BaFe1.7Ni0.3As2
(TC < 2K); (l) BaFe1.9Ni0.1As2 (TC = 20K); (m) Ba0.6K0.4Fe2As2 (TC = 39K); (n) KFe2As2 (TC = 3.5K); (o) KFe2Se2. Since
the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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FIG. 1: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
along the path (0,0)→(1,0)→(1,1)→(0.5,0.5)→(0,0) (in the unit of the one-Fe Brillouin zone) for (a) BaFe2P2 (Tmax

C < 2K); (b)
LiFeP (TC = 6K); (c)LaFePO (TC = 7K); (d) SrFe2As2 (Tmax

C = 37K); (e) LaFeAsO (Tmax
C = 43K); (f) BaFe2As2 (Tmax

C =
39K); (g) LiFeAs (TC = 18K); (h) FeSe (Tmax

C = 37K); (i)MgFeGe (Tmax
C = 0); (j)FeTe (Tmax

C = 0); (k) BaFe1.7Ni0.3As2
(TC < 2K); (l) BaFe1.9Ni0.1As2 (TC = 20K); (m) Ba0.6K0.4Fe2As2 (TC = 39K); (n) KFe2As2 (TC = 3.5K); (o) KFe2Se2. Since
the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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FIG. 1: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
along the path (0,0)→(1,0)→(1,1)→(0.5,0.5)→(0,0) (in the unit of the one-Fe Brillouin zone) for (a) BaFe2P2 (Tmax

C < 2K); (b)
LiFeP (TC = 6K); (c)LaFePO (TC = 7K); (d) SrFe2As2 (Tmax

C = 37K); (e) LaFeAsO (Tmax
C = 43K); (f) BaFe2As2 (Tmax

C =
39K); (g) LiFeAs (TC = 18K); (h) FeSe (Tmax

C = 37K); (i)MgFeGe (Tmax
C = 0); (j)FeTe (Tmax

C = 0); (k) BaFe1.7Ni0.3As2
(TC < 2K); (l) BaFe1.9Ni0.1As2 (TC = 20K); (m) Ba0.6K0.4Fe2As2 (TC = 39K); (n) KFe2As2 (TC = 3.5K); (o) KFe2Se2. Since
the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
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FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors

2

FIG. 1: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
along the path (0,0)→(1,0)→(1,1)→(0.5,0.5)→(0,0) (in the unit of the one-Fe Brillouin zone) for (a) BaFe2P2 (Tmax

C < 2K); (b)
LiFeP (TC = 6K); (c)LaFePO (TC = 7K); (d) SrFe2As2 (Tmax

C = 37K); (e) LaFeAsO (Tmax
C = 43K); (f) BaFe2As2 (Tmax

C =
39K); (g) LiFeAs (TC = 18K); (h) FeSe (Tmax

C = 37K); (i)MgFeGe (Tmax
C = 0); (j)FeTe (Tmax

C = 0); (k) BaFe1.7Ni0.3As2
(TC < 2K); (l) BaFe1.9Ni0.1As2 (TC = 20K); (m) Ba0.6K0.4Fe2As2 (TC = 39K); (n) KFe2As2 (TC = 3.5K); (o) KFe2Se2. Since
the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors

Variation across families

3

FIG. 2: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
in the 2D plane at constant ω=5 meV for the same materials as in Fig.1. The maximum intensity scale for each compound is
marked as a number in the bottom-left corner of each subplot.

(Figs. d-h) is thus the existence of well defined high energy dispersive spin excitations with bandwidth between
0.1 − 0.35 eV, and most importantly very well developed commensurate low energy spin excitations at wave vector
q = (1, 0), consistent with the theory of spin-fluctuation mediated superconductivity24,25.

The pnictide parent compounds SrFe2As2, LaFeAsO, BaFe2As2 have strong peak centered exactly at q = (1, 0), while
in LiFeAs and FeSe the spin excitation is peaked slightly away from this commensurate wave vector. Consequently,
the former three compounds have antiferromagnetic ground state, while the latter two are superconducting. In the
former, electron or hole doping is needed to suppress the long range magnetic order, and to stabilize the competing
superconducting state. In Figs. 1&2f, k-n we illustrate the doping dependence of the spin-excitation spectrum on the
example of electron doped and hole doped BaFe2As2, i.e., BaFe1−xNixAs2 and Ba1−xKxFe2As2, respectively. The
electron doping slightly increases the bandwidth (compare Fig. 1(k) with Fig. 1(f)), the hole doping dramatically
reduces the bandwidth from ∼ 0.2 eV to ∼ 0.05 eV in overdoped KFe2As220,26 (Fig. 1(n)). The low energy spin
excitations in the electron overdoped BaFe1.7Ni0.3As2 become very weak and strongly incommensurate20 with peak
centered at q=(1.0, 0.35) (see Fig. 2k). Similarly, on the hole overdoped side in KFe2As2, the low-energy spectrum
is suppressed (maximum intensity in Fig. 2n is 15 compared to 100 in the parent compound), and main excitation
peak moves to incommensurate q=(0.75, 0) in agreement with experiment.20,27 The optimally doped compounds
(Figs. 1l,m) have high energy spin excitations very similar to the parent compound, while the low energy excitations
are slightly reduced and broadened in momentum space (Fig. 2l,m), to suppress long range magnetic order of the
parent compound. This is very similar to the spectrum of LiFeAs and FeSe, which both have superconducting ground
state. From these plots, we can deduce that near commensurate or commensurate spin excitations at q = (1, 0),
with some finite width in momentum space to reduce the tendency towards the long-range order, are essential for
superconductivity.

Now we comment on the complexity of the KxFe2−ySe2 compounds. Our results for KFe2Se2 in Figs. 1&2(o)
indicate strong low energy spin excitation peaked around q = (1, 0.4). Vacancies in the K site, which reduce the
effective electron doping, can move the peak to q = (1, 0) and favor superconductivity. On the other hand, vacancies
in the Fe sites move the peak to q=(0.6, 0.2) to induce novel magnetism in K0.8Fe1.6Se228.

Whereas the dynamic spin structure factor S(q,ω) dispersion and the strength of the low energy spin excitations
correlate with experimental Tc across many families of iron superconductors, the superconducting pairing symmetry
and the variation of the superconducting gaps on the different Fermi surfaces cannot be extracted from the spin
dynamics alone. To make further progress on this issues, we computed the complete screened interaction between two
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binding? The possibilities are either “dynamic
screening” or a mechanism suggested by
Pitaevskii (13) and by Brueckner et al. (14) of
putting the electron pairs in an anisotropic
wave function (such as a d-wave), which van-
ishes at the repulsive core of the Coulomb
interaction. In either case, the paired electrons
are seldom or never in the same place at the
same time. Dynamic screening is found
in conventional superconductors, and the
anisotropic wave functions are found in the
high-T

c
cuprates and many other unconven-

tional superconductors. 
In the case of dynamic screening, the

Coulomb interaction e2/r (where e is the elec-
tron charge and r is the distance between
charges) is suppressed by the dielectric con-
stant of other electrons and ions. The plasma
of other electrons damps away the long-range
1/r behavior and leaves a screened
core, e2 exp(–κr)/r (where κ is
the screening constant), that acts
instantaneously, for practical pur-
poses, and is still very repulsive.
By taking the Fourier transform of
the interaction in both space and
time, we obtain a potential energy
V, which is a function of frequency
ω and wavenumber q; the screened
Coulombic core, for instance,
transforms to V

s
= e2/(q2 + κ2) and

is independent of frequency. This
interaction must then be screened
by the dielectric constant ε

ph
be-

cause of polarization of the
phonons, leading to a final expres-
sion V = e2/[(q2 +κ2)ε

ph
(q, ω)]. This

dielectric constant is different from
1 only near the lower frequencies of the
phonons. It screens out much of the Coulomb
repulsion, but “overscreening” doesn’t hap-
pen: When we get to the very low frequency
of the energy gap, V is still repulsive.

Instead of accounting for the interaction
as a whole, the Eliashberg picture treats only
the phonon contribution formally, replacing
the high-frequency part of the potential with a
single parameter. But the dielectric descrip-
tion more completely clarifies the physics,
and in particular it brings out the limitations
on the magnitude of the interaction. That is, it
makes clear that the attractive phonon inter-
action, characterized by a dimensionless
parameter λ, may never be much bigger,
and is normally smaller, than the screened
Coulomb repulsion, characterized by a
parameter µ (11). The net interaction is thus
repulsive even in the phonon case. 

How then do we ever get bound pairs, if the
interaction is never attractive? This occurs
because of the difference in frequency scales

of the two pieces of the interaction. The two
electrons about to form a pair can avoid each
other (and thus weaken the repulsion) by mod-
ifying the high-energy parts of their relative
wave function; thus, at the low energies of
phonons, the effective repulsive potential
becomes weaker. In language that became
familiar in the days of quantum electrodynam-
ics, we can say that the repulsive parameter µ
can be renormalized to an effective potential
or “pseudopotential” µ*. The effective inter-
action is then –(λ – µ*), which is less than
zero, hence attractive and pair-forming. One
could say that superconductivity results from
the bosonic interaction via phonons; but it is
equally valid to say instead that it results
from the renormalization that gives us the
pseudopotential µ* rather than µ. This does
not appear in an Eliashberg analysis; it is just

the type of correction ignored in this analysis. 
The above is an instructive example to

show that the Eliashberg theory is by no
means a formalism that universally demon-
strates the nature of the pairing interaction; it
is merely a convenient effective theory of any
portion of the interaction that comes from
low-frequency bosons. There is no reason to
believe that this framework is appropriate to
describe a system where the pairing depends
on entirely different physics. 

Such a system occurs in the cuprate super-
conductors. The key difference from the clas-
sic superconductors, which are polyelectronic
metals, is that the relevant electrons are in a
single antibonding band that may be built up
from linear sums of local functions of x2-y2

symmetry, with a band energy that is bounded
at both high and low energies. In such a band
the ladder-sum renormalization of the local
Coulomb repulsion, leading to the pseudopo-
tential µ*, simply does not work, because the
interaction is bigger than the energy width of

the band. This is why the Hubbard repulsion U
between two electrons on the same atom
(which is the number we use in this case to
characterize the repulsion) is all-important in
this band. This fact is confirmed by the Mott
insulator character of the undoped cuprate,
which is an antiferromagnetic insulator with a
gap of 2 eV, giving us a lower limit for U. 

But effects of U are not at all confined to
the cuprates with small doping. In low-energy
wave functions of the doped system, the elec-
trons simply avoid being on the same site. As
a consequence, the electrons scatter each
other very strongly (15) and most of the broad
structure in the electrons’ energy distribution
functions (as measured by angle-resolved
photoelectron spectroscopy) is caused by U.
This structure may naïvely be described by
coupling to a broad spectrum of bosonic
modes (4), but they don’t help with pair bind-
ing. U is a simple particle-particle interaction
with no low-frequency dynamics. 

A second consequence of U is the appear-
ance of a large antiferromagnetic exchange
coupling J, which attracts electrons of oppo-
site spins to be on neighboring sites. This is
the result of states of very high energy, and
the corresponding interaction has only high-
frequency dynamics, so it is unrelated to a
“glue.” There is a common misapprehension
that it has some relation to low-frequency
spin fluctuations (16, 17), but that is incor-
rect, as low-frequency spin interactions
between band electrons are rigorously ferro-
magnetic in sign. One can hardly deny the
presence of J given that it has so many exper-
imental consequences. 

In order to avoid the repulsive potential
these systems are described by the alternative
Pitaevskii-Brueckner-Anderson scheme with
pairing orthogonal to the local potential. Two
such pairings exist, d-wave and “extended s-
wave,” but only one appears as a supercon-
ducting gap; the extended s-wave is unsuitable
for a gap and acts as a conventional self-
energy (18). The specific feature of the low-
dimensional square copper lattice that is
uniquely favorable to high T

c
is the existence

of the two independent channels for pairing
(18). Because of the large magnitude of J, the
pairing can be very strong, but only a fraction
of this pairing energy shows up as a supercon-
ducting T

c
, for various rather complicated but

well-understood reasons. 
The crucial point is that there are two

very strong interactions, U (>2 eV) and J
(~0.12 eV), that we know are present in the
cuprates, both a priori and because of incon-
trovertible experimental evidence. Neither is
properly described by a bosonic glue, and
between the two it is easy to account for the

“We have a mammoth and an elephant in our refrigerator—
do we care much if there is also a mouse?”
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P.W. Anderson, Science 316, 1705 (2007):
“We have a mammoth (U) and an elephant (J) 
in our refrigerator -do we care if
there is also a mouse (spin fluctuations)?”

Thomas A. Maier - Fall Creek Falls 2009

Spin fluctuations vs. RVB: Mouse vs. Elephant
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binding? The possibilities are either “dynamic
screening” or a mechanism suggested by
Pitaevskii (13) and by Brueckner et al. (14) of
putting the electron pairs in an anisotropic
wave function (such as a d-wave), which van-
ishes at the repulsive core of the Coulomb
interaction. In either case, the paired electrons
are seldom or never in the same place at the
same time. Dynamic screening is found
in conventional superconductors, and the
anisotropic wave functions are found in the
high-T

c
cuprates and many other unconven-

tional superconductors. 
In the case of dynamic screening, the

Coulomb interaction e2/r (where e is the elec-
tron charge and r is the distance between
charges) is suppressed by the dielectric con-
stant of other electrons and ions. The plasma
of other electrons damps away the long-range
1/r behavior and leaves a screened
core, e2 exp(–κr)/r (where κ is
the screening constant), that acts
instantaneously, for practical pur-
poses, and is still very repulsive.
By taking the Fourier transform of
the interaction in both space and
time, we obtain a potential energy
V, which is a function of frequency
ω and wavenumber q; the screened
Coulombic core, for instance,
transforms to V

s
= e2/(q2 + κ2) and

is independent of frequency. This
interaction must then be screened
by the dielectric constant ε

ph
be-

cause of polarization of the
phonons, leading to a final expres-
sion V = e2/[(q2 +κ2)ε

ph
(q, ω)]. This

dielectric constant is different from
1 only near the lower frequencies of the
phonons. It screens out much of the Coulomb
repulsion, but “overscreening” doesn’t hap-
pen: When we get to the very low frequency
of the energy gap, V is still repulsive.

Instead of accounting for the interaction
as a whole, the Eliashberg picture treats only
the phonon contribution formally, replacing
the high-frequency part of the potential with a
single parameter. But the dielectric descrip-
tion more completely clarifies the physics,
and in particular it brings out the limitations
on the magnitude of the interaction. That is, it
makes clear that the attractive phonon inter-
action, characterized by a dimensionless
parameter λ, may never be much bigger,
and is normally smaller, than the screened
Coulomb repulsion, characterized by a
parameter µ (11). The net interaction is thus
repulsive even in the phonon case. 

How then do we ever get bound pairs, if the
interaction is never attractive? This occurs
because of the difference in frequency scales

of the two pieces of the interaction. The two
electrons about to form a pair can avoid each
other (and thus weaken the repulsion) by mod-
ifying the high-energy parts of their relative
wave function; thus, at the low energies of
phonons, the effective repulsive potential
becomes weaker. In language that became
familiar in the days of quantum electrodynam-
ics, we can say that the repulsive parameter µ
can be renormalized to an effective potential
or “pseudopotential” µ*. The effective inter-
action is then –(λ – µ*), which is less than
zero, hence attractive and pair-forming. One
could say that superconductivity results from
the bosonic interaction via phonons; but it is
equally valid to say instead that it results
from the renormalization that gives us the
pseudopotential µ* rather than µ. This does
not appear in an Eliashberg analysis; it is just

the type of correction ignored in this analysis. 
The above is an instructive example to

show that the Eliashberg theory is by no
means a formalism that universally demon-
strates the nature of the pairing interaction; it
is merely a convenient effective theory of any
portion of the interaction that comes from
low-frequency bosons. There is no reason to
believe that this framework is appropriate to
describe a system where the pairing depends
on entirely different physics. 

Such a system occurs in the cuprate super-
conductors. The key difference from the clas-
sic superconductors, which are polyelectronic
metals, is that the relevant electrons are in a
single antibonding band that may be built up
from linear sums of local functions of x2-y2

symmetry, with a band energy that is bounded
at both high and low energies. In such a band
the ladder-sum renormalization of the local
Coulomb repulsion, leading to the pseudopo-
tential µ*, simply does not work, because the
interaction is bigger than the energy width of

the band. This is why the Hubbard repulsion U
between two electrons on the same atom
(which is the number we use in this case to
characterize the repulsion) is all-important in
this band. This fact is confirmed by the Mott
insulator character of the undoped cuprate,
which is an antiferromagnetic insulator with a
gap of 2 eV, giving us a lower limit for U. 

But effects of U are not at all confined to
the cuprates with small doping. In low-energy
wave functions of the doped system, the elec-
trons simply avoid being on the same site. As
a consequence, the electrons scatter each
other very strongly (15) and most of the broad
structure in the electrons’ energy distribution
functions (as measured by angle-resolved
photoelectron spectroscopy) is caused by U.
This structure may naïvely be described by
coupling to a broad spectrum of bosonic
modes (4), but they don’t help with pair bind-
ing. U is a simple particle-particle interaction
with no low-frequency dynamics. 

A second consequence of U is the appear-
ance of a large antiferromagnetic exchange
coupling J, which attracts electrons of oppo-
site spins to be on neighboring sites. This is
the result of states of very high energy, and
the corresponding interaction has only high-
frequency dynamics, so it is unrelated to a
“glue.” There is a common misapprehension
that it has some relation to low-frequency
spin fluctuations (16, 17), but that is incor-
rect, as low-frequency spin interactions
between band electrons are rigorously ferro-
magnetic in sign. One can hardly deny the
presence of J given that it has so many exper-
imental consequences. 

In order to avoid the repulsive potential
these systems are described by the alternative
Pitaevskii-Brueckner-Anderson scheme with
pairing orthogonal to the local potential. Two
such pairings exist, d-wave and “extended s-
wave,” but only one appears as a supercon-
ducting gap; the extended s-wave is unsuitable
for a gap and acts as a conventional self-
energy (18). The specific feature of the low-
dimensional square copper lattice that is
uniquely favorable to high T

c
is the existence

of the two independent channels for pairing
(18). Because of the large magnitude of J, the
pairing can be very strong, but only a fraction
of this pairing energy shows up as a supercon-
ducting T

c
, for various rather complicated but

well-understood reasons. 
The crucial point is that there are two

very strong interactions, U (>2 eV) and J
(~0.12 eV), that we know are present in the
cuprates, both a priori and because of incon-
trovertible experimental evidence. Neither is
properly described by a bosonic glue, and
between the two it is easy to account for the
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do we care much if there is also a mouse?”
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(J) in our refrigerator - do we care much if 
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Spin fluctuation theory and weak coupling 
approaches: Only low energy spin 
fluctuations are important : 
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binding? The possibilities are either “dynamic
screening” or a mechanism suggested by
Pitaevskii (13) and by Brueckner et al. (14) of
putting the electron pairs in an anisotropic
wave function (such as a d-wave), which van-
ishes at the repulsive core of the Coulomb
interaction. In either case, the paired electrons
are seldom or never in the same place at the
same time. Dynamic screening is found
in conventional superconductors, and the
anisotropic wave functions are found in the
high-T

c
cuprates and many other unconven-

tional superconductors. 
In the case of dynamic screening, the

Coulomb interaction e2/r (where e is the elec-
tron charge and r is the distance between
charges) is suppressed by the dielectric con-
stant of other electrons and ions. The plasma
of other electrons damps away the long-range
1/r behavior and leaves a screened
core, e2 exp(–κr)/r (where κ is
the screening constant), that acts
instantaneously, for practical pur-
poses, and is still very repulsive.
By taking the Fourier transform of
the interaction in both space and
time, we obtain a potential energy
V, which is a function of frequency
ω and wavenumber q; the screened
Coulombic core, for instance,
transforms to V

s
= e2/(q2 + κ2) and

is independent of frequency. This
interaction must then be screened
by the dielectric constant ε

ph
be-

cause of polarization of the
phonons, leading to a final expres-
sion V = e2/[(q2 +κ2)ε

ph
(q, ω)]. This

dielectric constant is different from
1 only near the lower frequencies of the
phonons. It screens out much of the Coulomb
repulsion, but “overscreening” doesn’t hap-
pen: When we get to the very low frequency
of the energy gap, V is still repulsive.

Instead of accounting for the interaction
as a whole, the Eliashberg picture treats only
the phonon contribution formally, replacing
the high-frequency part of the potential with a
single parameter. But the dielectric descrip-
tion more completely clarifies the physics,
and in particular it brings out the limitations
on the magnitude of the interaction. That is, it
makes clear that the attractive phonon inter-
action, characterized by a dimensionless
parameter λ, may never be much bigger,
and is normally smaller, than the screened
Coulomb repulsion, characterized by a
parameter µ (11). The net interaction is thus
repulsive even in the phonon case. 

How then do we ever get bound pairs, if the
interaction is never attractive? This occurs
because of the difference in frequency scales

of the two pieces of the interaction. The two
electrons about to form a pair can avoid each
other (and thus weaken the repulsion) by mod-
ifying the high-energy parts of their relative
wave function; thus, at the low energies of
phonons, the effective repulsive potential
becomes weaker. In language that became
familiar in the days of quantum electrodynam-
ics, we can say that the repulsive parameter µ
can be renormalized to an effective potential
or “pseudopotential” µ*. The effective inter-
action is then –(λ – µ*), which is less than
zero, hence attractive and pair-forming. One
could say that superconductivity results from
the bosonic interaction via phonons; but it is
equally valid to say instead that it results
from the renormalization that gives us the
pseudopotential µ* rather than µ. This does
not appear in an Eliashberg analysis; it is just

the type of correction ignored in this analysis. 
The above is an instructive example to

show that the Eliashberg theory is by no
means a formalism that universally demon-
strates the nature of the pairing interaction; it
is merely a convenient effective theory of any
portion of the interaction that comes from
low-frequency bosons. There is no reason to
believe that this framework is appropriate to
describe a system where the pairing depends
on entirely different physics. 

Such a system occurs in the cuprate super-
conductors. The key difference from the clas-
sic superconductors, which are polyelectronic
metals, is that the relevant electrons are in a
single antibonding band that may be built up
from linear sums of local functions of x2-y2

symmetry, with a band energy that is bounded
at both high and low energies. In such a band
the ladder-sum renormalization of the local
Coulomb repulsion, leading to the pseudopo-
tential µ*, simply does not work, because the
interaction is bigger than the energy width of

the band. This is why the Hubbard repulsion U
between two electrons on the same atom
(which is the number we use in this case to
characterize the repulsion) is all-important in
this band. This fact is confirmed by the Mott
insulator character of the undoped cuprate,
which is an antiferromagnetic insulator with a
gap of 2 eV, giving us a lower limit for U. 

But effects of U are not at all confined to
the cuprates with small doping. In low-energy
wave functions of the doped system, the elec-
trons simply avoid being on the same site. As
a consequence, the electrons scatter each
other very strongly (15) and most of the broad
structure in the electrons’ energy distribution
functions (as measured by angle-resolved
photoelectron spectroscopy) is caused by U.
This structure may naïvely be described by
coupling to a broad spectrum of bosonic
modes (4), but they don’t help with pair bind-
ing. U is a simple particle-particle interaction
with no low-frequency dynamics. 

A second consequence of U is the appear-
ance of a large antiferromagnetic exchange
coupling J, which attracts electrons of oppo-
site spins to be on neighboring sites. This is
the result of states of very high energy, and
the corresponding interaction has only high-
frequency dynamics, so it is unrelated to a
“glue.” There is a common misapprehension
that it has some relation to low-frequency
spin fluctuations (16, 17), but that is incor-
rect, as low-frequency spin interactions
between band electrons are rigorously ferro-
magnetic in sign. One can hardly deny the
presence of J given that it has so many exper-
imental consequences. 

In order to avoid the repulsive potential
these systems are described by the alternative
Pitaevskii-Brueckner-Anderson scheme with
pairing orthogonal to the local potential. Two
such pairings exist, d-wave and “extended s-
wave,” but only one appears as a supercon-
ducting gap; the extended s-wave is unsuitable
for a gap and acts as a conventional self-
energy (18). The specific feature of the low-
dimensional square copper lattice that is
uniquely favorable to high T

c
is the existence

of the two independent channels for pairing
(18). Because of the large magnitude of J, the
pairing can be very strong, but only a fraction
of this pairing energy shows up as a supercon-
ducting T

c
, for various rather complicated but

well-understood reasons. 
The crucial point is that there are two

very strong interactions, U (>2 eV) and J
(~0.12 eV), that we know are present in the
cuprates, both a priori and because of incon-
trovertible experimental evidence. Neither is
properly described by a bosonic glue, and
between the two it is easy to account for the

“We have a mammoth and an elephant in our refrigerator—
do we care much if there is also a mouse?”

Published by AAAS

 o
n 

Ja
nu

ar
y 

2,
 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

P.W. Anderson, Science 316, 1705 (2007):
“We have a mammoth (U) and an elephant (J) 
in our refrigerator -do we care if
there is also a mouse (spin fluctuations)?”

Sunday, September 29, 13



What do we need for SC?

22 JUNE 2007 VOL 316 SCIENCE www.sciencemag.org1706

C
R

E
D

IT
: 
J
O

E
 S

U
T

L
IF

F

PERSPECTIVES

binding? The possibilities are either “dynamic
screening” or a mechanism suggested by
Pitaevskii (13) and by Brueckner et al. (14) of
putting the electron pairs in an anisotropic
wave function (such as a d-wave), which van-
ishes at the repulsive core of the Coulomb
interaction. In either case, the paired electrons
are seldom or never in the same place at the
same time. Dynamic screening is found
in conventional superconductors, and the
anisotropic wave functions are found in the
high-T

c
cuprates and many other unconven-

tional superconductors. 
In the case of dynamic screening, the

Coulomb interaction e2/r (where e is the elec-
tron charge and r is the distance between
charges) is suppressed by the dielectric con-
stant of other electrons and ions. The plasma
of other electrons damps away the long-range
1/r behavior and leaves a screened
core, e2 exp(–κr)/r (where κ is
the screening constant), that acts
instantaneously, for practical pur-
poses, and is still very repulsive.
By taking the Fourier transform of
the interaction in both space and
time, we obtain a potential energy
V, which is a function of frequency
ω and wavenumber q; the screened
Coulombic core, for instance,
transforms to V

s
= e2/(q2 + κ2) and

is independent of frequency. This
interaction must then be screened
by the dielectric constant ε

ph
be-

cause of polarization of the
phonons, leading to a final expres-
sion V = e2/[(q2 +κ2)ε

ph
(q, ω)]. This

dielectric constant is different from
1 only near the lower frequencies of the
phonons. It screens out much of the Coulomb
repulsion, but “overscreening” doesn’t hap-
pen: When we get to the very low frequency
of the energy gap, V is still repulsive.

Instead of accounting for the interaction
as a whole, the Eliashberg picture treats only
the phonon contribution formally, replacing
the high-frequency part of the potential with a
single parameter. But the dielectric descrip-
tion more completely clarifies the physics,
and in particular it brings out the limitations
on the magnitude of the interaction. That is, it
makes clear that the attractive phonon inter-
action, characterized by a dimensionless
parameter λ, may never be much bigger,
and is normally smaller, than the screened
Coulomb repulsion, characterized by a
parameter µ (11). The net interaction is thus
repulsive even in the phonon case. 

How then do we ever get bound pairs, if the
interaction is never attractive? This occurs
because of the difference in frequency scales

of the two pieces of the interaction. The two
electrons about to form a pair can avoid each
other (and thus weaken the repulsion) by mod-
ifying the high-energy parts of their relative
wave function; thus, at the low energies of
phonons, the effective repulsive potential
becomes weaker. In language that became
familiar in the days of quantum electrodynam-
ics, we can say that the repulsive parameter µ
can be renormalized to an effective potential
or “pseudopotential” µ*. The effective inter-
action is then –(λ – µ*), which is less than
zero, hence attractive and pair-forming. One
could say that superconductivity results from
the bosonic interaction via phonons; but it is
equally valid to say instead that it results
from the renormalization that gives us the
pseudopotential µ* rather than µ. This does
not appear in an Eliashberg analysis; it is just

the type of correction ignored in this analysis. 
The above is an instructive example to

show that the Eliashberg theory is by no
means a formalism that universally demon-
strates the nature of the pairing interaction; it
is merely a convenient effective theory of any
portion of the interaction that comes from
low-frequency bosons. There is no reason to
believe that this framework is appropriate to
describe a system where the pairing depends
on entirely different physics. 

Such a system occurs in the cuprate super-
conductors. The key difference from the clas-
sic superconductors, which are polyelectronic
metals, is that the relevant electrons are in a
single antibonding band that may be built up
from linear sums of local functions of x2-y2

symmetry, with a band energy that is bounded
at both high and low energies. In such a band
the ladder-sum renormalization of the local
Coulomb repulsion, leading to the pseudopo-
tential µ*, simply does not work, because the
interaction is bigger than the energy width of

the band. This is why the Hubbard repulsion U
between two electrons on the same atom
(which is the number we use in this case to
characterize the repulsion) is all-important in
this band. This fact is confirmed by the Mott
insulator character of the undoped cuprate,
which is an antiferromagnetic insulator with a
gap of 2 eV, giving us a lower limit for U. 

But effects of U are not at all confined to
the cuprates with small doping. In low-energy
wave functions of the doped system, the elec-
trons simply avoid being on the same site. As
a consequence, the electrons scatter each
other very strongly (15) and most of the broad
structure in the electrons’ energy distribution
functions (as measured by angle-resolved
photoelectron spectroscopy) is caused by U.
This structure may naïvely be described by
coupling to a broad spectrum of bosonic
modes (4), but they don’t help with pair bind-
ing. U is a simple particle-particle interaction
with no low-frequency dynamics. 

A second consequence of U is the appear-
ance of a large antiferromagnetic exchange
coupling J, which attracts electrons of oppo-
site spins to be on neighboring sites. This is
the result of states of very high energy, and
the corresponding interaction has only high-
frequency dynamics, so it is unrelated to a
“glue.” There is a common misapprehension
that it has some relation to low-frequency
spin fluctuations (16, 17), but that is incor-
rect, as low-frequency spin interactions
between band electrons are rigorously ferro-
magnetic in sign. One can hardly deny the
presence of J given that it has so many exper-
imental consequences. 

In order to avoid the repulsive potential
these systems are described by the alternative
Pitaevskii-Brueckner-Anderson scheme with
pairing orthogonal to the local potential. Two
such pairings exist, d-wave and “extended s-
wave,” but only one appears as a supercon-
ducting gap; the extended s-wave is unsuitable
for a gap and acts as a conventional self-
energy (18). The specific feature of the low-
dimensional square copper lattice that is
uniquely favorable to high T

c
is the existence

of the two independent channels for pairing
(18). Because of the large magnitude of J, the
pairing can be very strong, but only a fraction
of this pairing energy shows up as a supercon-
ducting T

c
, for various rather complicated but

well-understood reasons. 
The crucial point is that there are two

very strong interactions, U (>2 eV) and J
(~0.12 eV), that we know are present in the
cuprates, both a priori and because of incon-
trovertible experimental evidence. Neither is
properly described by a bosonic glue, and
between the two it is easy to account for the
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do we care much if there is also a mouse?”
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FIG. 1: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
along the path (0,0)→(1,0)→(1,1)→(0.5,0.5)→(0,0) (in the unit of the one-Fe Brillouin zone) for (a) BaFe2P2 (Tmax

C < 2K); (b)
LiFeP (TC = 6K); (c)LaFePO (TC = 7K); (d) SrFe2As2 (Tmax

C = 37K); (e) LaFeAsO (Tmax
C = 43K); (f) BaFe2As2 (Tmax

C =
39K); (g) LiFeAs (TC = 18K); (h) FeSe (Tmax

C = 37K); (i)MgFeGe (Tmax
C = 0); (j)FeTe (Tmax

C = 0); (k) BaFe1.7Ni0.3As2
(TC < 2K); (l) BaFe1.9Ni0.1As2 (TC = 20K); (m) Ba0.6K0.4Fe2As2 (TC = 39K); (n) KFe2As2 (TC = 3.5K); (o) KFe2Se2. Since
the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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binding? The possibilities are either “dynamic
screening” or a mechanism suggested by
Pitaevskii (13) and by Brueckner et al. (14) of
putting the electron pairs in an anisotropic
wave function (such as a d-wave), which van-
ishes at the repulsive core of the Coulomb
interaction. In either case, the paired electrons
are seldom or never in the same place at the
same time. Dynamic screening is found
in conventional superconductors, and the
anisotropic wave functions are found in the
high-T

c
cuprates and many other unconven-

tional superconductors. 
In the case of dynamic screening, the

Coulomb interaction e2/r (where e is the elec-
tron charge and r is the distance between
charges) is suppressed by the dielectric con-
stant of other electrons and ions. The plasma
of other electrons damps away the long-range
1/r behavior and leaves a screened
core, e2 exp(–κr)/r (where κ is
the screening constant), that acts
instantaneously, for practical pur-
poses, and is still very repulsive.
By taking the Fourier transform of
the interaction in both space and
time, we obtain a potential energy
V, which is a function of frequency
ω and wavenumber q; the screened
Coulombic core, for instance,
transforms to V

s
= e2/(q2 + κ2) and

is independent of frequency. This
interaction must then be screened
by the dielectric constant ε

ph
be-

cause of polarization of the
phonons, leading to a final expres-
sion V = e2/[(q2 +κ2)ε

ph
(q, ω)]. This

dielectric constant is different from
1 only near the lower frequencies of the
phonons. It screens out much of the Coulomb
repulsion, but “overscreening” doesn’t hap-
pen: When we get to the very low frequency
of the energy gap, V is still repulsive.

Instead of accounting for the interaction
as a whole, the Eliashberg picture treats only
the phonon contribution formally, replacing
the high-frequency part of the potential with a
single parameter. But the dielectric descrip-
tion more completely clarifies the physics,
and in particular it brings out the limitations
on the magnitude of the interaction. That is, it
makes clear that the attractive phonon inter-
action, characterized by a dimensionless
parameter λ, may never be much bigger,
and is normally smaller, than the screened
Coulomb repulsion, characterized by a
parameter µ (11). The net interaction is thus
repulsive even in the phonon case. 

How then do we ever get bound pairs, if the
interaction is never attractive? This occurs
because of the difference in frequency scales

of the two pieces of the interaction. The two
electrons about to form a pair can avoid each
other (and thus weaken the repulsion) by mod-
ifying the high-energy parts of their relative
wave function; thus, at the low energies of
phonons, the effective repulsive potential
becomes weaker. In language that became
familiar in the days of quantum electrodynam-
ics, we can say that the repulsive parameter µ
can be renormalized to an effective potential
or “pseudopotential” µ*. The effective inter-
action is then –(λ – µ*), which is less than
zero, hence attractive and pair-forming. One
could say that superconductivity results from
the bosonic interaction via phonons; but it is
equally valid to say instead that it results
from the renormalization that gives us the
pseudopotential µ* rather than µ. This does
not appear in an Eliashberg analysis; it is just

the type of correction ignored in this analysis. 
The above is an instructive example to

show that the Eliashberg theory is by no
means a formalism that universally demon-
strates the nature of the pairing interaction; it
is merely a convenient effective theory of any
portion of the interaction that comes from
low-frequency bosons. There is no reason to
believe that this framework is appropriate to
describe a system where the pairing depends
on entirely different physics. 

Such a system occurs in the cuprate super-
conductors. The key difference from the clas-
sic superconductors, which are polyelectronic
metals, is that the relevant electrons are in a
single antibonding band that may be built up
from linear sums of local functions of x2-y2

symmetry, with a band energy that is bounded
at both high and low energies. In such a band
the ladder-sum renormalization of the local
Coulomb repulsion, leading to the pseudopo-
tential µ*, simply does not work, because the
interaction is bigger than the energy width of

the band. This is why the Hubbard repulsion U
between two electrons on the same atom
(which is the number we use in this case to
characterize the repulsion) is all-important in
this band. This fact is confirmed by the Mott
insulator character of the undoped cuprate,
which is an antiferromagnetic insulator with a
gap of 2 eV, giving us a lower limit for U. 

But effects of U are not at all confined to
the cuprates with small doping. In low-energy
wave functions of the doped system, the elec-
trons simply avoid being on the same site. As
a consequence, the electrons scatter each
other very strongly (15) and most of the broad
structure in the electrons’ energy distribution
functions (as measured by angle-resolved
photoelectron spectroscopy) is caused by U.
This structure may naïvely be described by
coupling to a broad spectrum of bosonic
modes (4), but they don’t help with pair bind-
ing. U is a simple particle-particle interaction
with no low-frequency dynamics. 

A second consequence of U is the appear-
ance of a large antiferromagnetic exchange
coupling J, which attracts electrons of oppo-
site spins to be on neighboring sites. This is
the result of states of very high energy, and
the corresponding interaction has only high-
frequency dynamics, so it is unrelated to a
“glue.” There is a common misapprehension
that it has some relation to low-frequency
spin fluctuations (16, 17), but that is incor-
rect, as low-frequency spin interactions
between band electrons are rigorously ferro-
magnetic in sign. One can hardly deny the
presence of J given that it has so many exper-
imental consequences. 

In order to avoid the repulsive potential
these systems are described by the alternative
Pitaevskii-Brueckner-Anderson scheme with
pairing orthogonal to the local potential. Two
such pairings exist, d-wave and “extended s-
wave,” but only one appears as a supercon-
ducting gap; the extended s-wave is unsuitable
for a gap and acts as a conventional self-
energy (18). The specific feature of the low-
dimensional square copper lattice that is
uniquely favorable to high T

c
is the existence

of the two independent channels for pairing
(18). Because of the large magnitude of J, the
pairing can be very strong, but only a fraction
of this pairing energy shows up as a supercon-
ducting T

c
, for various rather complicated but

well-understood reasons. 
The crucial point is that there are two

very strong interactions, U (>2 eV) and J
(~0.12 eV), that we know are present in the
cuprates, both a priori and because of incon-
trovertible experimental evidence. Neither is
properly described by a bosonic glue, and
between the two it is easy to account for the
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FIG. 1: Dynamic spin structure factor S(q,ω) in iron pnictides, chalcogenides and MgFeGe. The S(q,ω) is plotted
along the path (0,0)→(1,0)→(1,1)→(0.5,0.5)→(0,0) (in the unit of the one-Fe Brillouin zone) for (a) BaFe2P2 (Tmax

C < 2K); (b)
LiFeP (TC = 6K); (c)LaFePO (TC = 7K); (d) SrFe2As2 (Tmax

C = 37K); (e) LaFeAsO (Tmax
C = 43K); (f) BaFe2As2 (Tmax

C =
39K); (g) LiFeAs (TC = 18K); (h) FeSe (Tmax

C = 37K); (i)MgFeGe (Tmax
C = 0); (j)FeTe (Tmax

C = 0); (k) BaFe1.7Ni0.3As2
(TC < 2K); (l) BaFe1.9Ni0.1As2 (TC = 20K); (m) Ba0.6K0.4Fe2As2 (TC = 39K); (n) KFe2As2 (TC = 3.5K); (o) KFe2Se2. Since
the intensity substantially varies across compounds, the maximum value of intensity was adjusted to emphasize the dispersion
most clearly. The maximum value of the intensity in each compound is shown in the top right corner. The experimental data
shown in (f), (g), (l) and (m) are from Refs. 17–20.

of the fluctuating moment in this energy range, which roughly anti-correlates with strength of correlations, hence
phosphorus compounds show the weakest (max = 4) and FeTe shows the strongest (max = 20) intensity.

The low energy spin-excitations are much more sensitive to the details of both the band-structure and the two-
particle vertex function, hence the trend across different compounds can not be guessed from either the correlation
strength or from the band structure. In Fig. 2 we show S(q,ω) for the same compounds as in Fig. 1, but we take
a different cut. We keep the energy fixed at ω = 5meV, and change momentum in the two dimensional momentum
plane (qx, qy) at qz = 0/π. (The qz dependence is small for most compounds.) As is clear from Figs. 1a-c, and
Fig. 2a-c, the low energy spin-excitations are almost absent in phosphorus compounds, while they are very strong
in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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in arsenides (Figs. 1d-g) at the commensurate wave vector (qx, qy) = (1, 0). This is the ordering wave vector of the
spin-density wave state, which is the ground state of all these compounds except LiFeAs, which is a superconductor
(Tc = 18K). When doped, all these compounds are high-temperature superconductors (Tc ≈ 37K − 39K). Similarly
chalcogenide FeSe (Fig. 1h) - which becomes superconducting Tc = 37K under modest pressure p = 3GPa - has
similar low energy spin response as the arsenides superconductors. On the other hand, MgFeGe is a compound with
similar band structure as arsenides21, but quite different spin response, which is much broader and peaked at q = 0,
hence spin fluctuations are ferromagnetic, in agreement with calculation of Ref.22 showing stable ferromagnetic ground
state. Finally FeTe has also much broader spin-excitations covering large part of the Brillouin zone (see Fig. 2j), and
shows two competing excitations at q=(1,0) and q=(0.5, 0.5), the latter corresponds to the ordering wave vector of
the low-temperature antiferromagnetic state of Fe1.07Te.23 The common theme in high-temperature superconductors
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Particle-particle irreducible vertex

4

FIG. 3: Particle-particle irreducible vertex Γpp
σ1σ2;σ3σ4

. It consists of fully-irreducible vertex Γpp,firr, and vertex which

is reducible in the particle-hole channel. There are two ways to arrange particle-hole ladders, either horizontally (Γpp(1)) or
vertically (Γpp(2)), hence there are two particle-hole contributions.

Superconductivity

A divergent susceptibility in the particle-particle channel signals instability of the metallic state towards supercon-
ductivity. To obtain this susceptibility, we need to compute the particle-particle irreducible vertex Γpp, depicted in
Fig.S3. It consists of the fully irreducible vertex function Γfirr and the reducible vertex functions in the particle-hole
channels. There are two particle-hole channles, because one can stack particle-hole ladders horizontally (particle-
hole channel 1) or vertically (particle-hole channel 2), as shown in Fig.S3. Notice that this equation contain all
spin-fluctuation diagrams [? ]. Indeed we recover the spin-fluctuation theory if we replace Γph by constant number
U , which is treated as a phenomenological parameter in spin-fluctuation theory, and propagators with free-electron
Green’s function. Since results are very sensitive to the value and structure of this screened interaction, it is important
to determine it ab-initio.

In this report, we consider only the spin-singlet pairing and define the singlet vertex Γpp,s by

Γpp,s =
1

2
(Γpp

↑↓;↑↓ − Γpp
↓↑;↑↓) (15)

For convenience, we rewrite Γpp,s as the sum of the three terms depicted in Fig. 3:

Γpp,s = Γpp,firr,s + Γpp(1),s + Γpp(2),s. (16)

It then follows that the fully irreducible particle-particle vertex in the spin singlet channel Γpp,firr,s is

Γpp,firr,s =
1

2
(Γpp,firr,s

↑↑;↓↓ − Γpp,firr,s
↓↑;↓↑ ), (17)

We can also express the rest of the objects in Fig. 3 in terms of the above calculated particle-hole susceptibility χph

and particle-hole irreducible vertex Γph by

Γpp(1),s = −1

2
((ΓχΓ)ph↑↑;↓↓ − (ΓχΓ)ph↓↑;↓↑)

=
3

4
(ΓχΓ)ph,m − 1

4
(ΓχΓ)ph,d

(18)

and

Γpp(2),s =
1

2
((ΓχΓ)ph↓↑;↓↑ − (ΓχΓ)ph↑↑;↓↓)

=
3

4
(ΓχΓ)ph,m − 1

4
(ΓχΓ)ph,d

(19)

To simplify the notation, we then define

(ΓχΓ)ph ≡ 3

4
(ΓχΓ)ph,m − 1

4
(ΓχΓ)ph,d. (20)
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