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Recently, experimental studies of the spin excitation spectrum revealed a strong temperature depen-

dence in the normal state and a resonance feature in the superconducting state of several Fe-based

superconductors. Based on these findings, we develop a model of electrons interacting with a temperature

dependent magnetic excitation spectrum and apply it to angle resolved photoemission in Ba1�xKxFe2As2.

We reproduce in quantitative agreement with experiment a renormalization of the quasiparticle dispersion

both in the normal and the superconducting state, and the dependence of the quasiparticle linewidth on

binding energy. We estimate the strength of the coupling between electronic and spin excitations. Our

findings support a dominantly magnetic pairing mechanism.
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Shortly after the discovery of high-temperature super-
conductivity in Fe-based pnictide compounds [1] a mag-
netic Cooper-pairing mechanismwas proposed [2,3], while
electron-phonon interaction as primary pairing mechanism
was found to be unlikely [4]. This conjecture is supported
by the proximity of antiferromagnetism and superconduc-
tivity in the phase diagram [5,6]. The spin excitation
spectrum of pnictides shows pronounced similarities with
other superconductors where a magnetic pairing mecha-
nism is under debate. In particular, the strong temperature
dependence of the normal state spin excitations studied
recently by Inosov et al. [7], as well as the presence of a
spin resonance feature in the superconducting state [8] are
prominent features also present in cuprates and in some
heavy fermion superconductors.

Angle resolved photoemission (ARPES) measurements
reveal a sharp Fermi surface consisting of electronlike and
holelike pockets that exhibit comparable superconducting
order parameter amplitudes and are nearly nested by the
antiferromagnetic wave vectorQ [9,10], a reason to believe
that magnetic and electronic order are closely connected
[11]. This raises the question how strongly electrons couple
to spin fluctuations, as those lead to an effective electron-
electron attraction, if the order parameter changes the sign
on the different pockets [12]. Investigating the low-energy
dispersion anomalies, whose position and shape can be
traced back to a coupling of bosonic modes, has proven
to be a powerful method for obtaining this information
[13–15]. Recent experimental studies on the superconduct-
ing state spectral function of Ba1�xKxFe2As2 measured
by ARPES find such an anomaly, which appears as a
kink in the dispersion relation at about 25 meV [15]. On
the other hand, inelastic neutron scattering (INS) studies of
this compound reveal the development of a resonant spin

excitation in the superconducting state [8]. The tempera-
ture dependence of both neutron intensity and the self-
energies extracted from ARPES follow an order parameter
like evolution. This strongly indicates that the spin reso-
nance indeed accounts for the observed anomaly.
Below, we present a theoretical model that explains the

anomalous features in the dispersion relation by a coupling
of electrons to a spin-fluctuation spectrum that
(a) reproduces the experimentally observed temperature
dependent spectrum in the normal state and (b) features a
low-energy resonance in the superconducting state. We
show that coupling to such a spin-fluctuation spectrum
leads to a renormalization of the quasiparticle dispersion
even in the normal state and can account for the renormal-
ization factor necessary to project density functional theory
(DFT) calculations to experiment. Furthermore, we are
able to quantitatively reproduce experimental ARPES re-
sults, including low-energy and high-energy renormaliza-
tion of the dispersion and the energy dependence of the
quasiparticle linewidth.
Spin-fluctuation spectrum.—Although there are various

theoretical models for the spin-spin response function,
here we prefer a semiphenomenological approach, taking
the spin susceptibility from experiment. This approach
was very successful in the case of cuprates [13], and has
the advantage of being independent of a specific theoretical
model for explaining the origin of the magnetic resonance.
A detailed investigation of the spin dynamics in the

normal state and the temperature dependence of the spin
resonance in pnictides was recently performed on opti-
mally doped BaFe1:85Co0:15As2 by Inosov et al. [7]. They
observe that the imaginary part of the normal state suscep-
tibility near the antiferromagnetic wave vectors Q� obeys
in good approximation the Ornstein-Zernicke form
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where �T ¼ �0=ðT þ �Þ controls the strength of magnetic
correlations, �T

max ¼ �0ðT þ �Þ sets the typical spin-

fluctuation energy scale, �T ¼ �0=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
T þ �

p
is the magnetic

correlation length and � is the Curie-Weiss temperature.
The orbital index n will be discussed below.

With decreasing temperature spectral weight is shifted
towards lower energies. Below Tc the spectrum becomes
gapped and a resonance appears at an energy that follows
approximately an order parameter like evolution, i.e.

�T
res ¼ �r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� T=Tc

p
. In order to model the resonance

below the quasiparticle continuum we assume a (sharply
peaked) Lorentzian in energy and a separable form for
the momentum dependence,
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We approximate the gapped continuum in the supercon-
ducting state for ! above a temperature dependent contin-

uum threshold,!> 2 ��ðTÞ, by its normal statevalue,Eq. (1),

at the respective temperature. Here, �� is the mean super-
conducting gap at the nested Fermi surfaces. Thus, wemodel
the imaginary part of the complex dynamical susceptibility

by �00sc
n ðj!j< 2 ��Þ ¼ �00r

n and �00sc
n ðj!j � 2 ��Þ ¼ �00c

n , and
calculate the real part by exploiting Kramers-Kronig rela-
tions. We note that this approximation is excellent except
possibly close to the continuum threshold. The resonance
weight-factorwT in Eq. (2) is determined by a local sum rule
which fixes the ratio between resonance and continuum,
wT=�T [16]. It is chosen so that the energy and momentum
integrated spin structure factor,

R1
�1 d!

R
dqSðq; !Þ, with

Sðq; !Þ ¼ 2@�00ðq; !Þ=ð1� e�@!=kBTÞ remains temperature
independent below, across, and above Tc.

The overall weight �0 enters our theory only in combi-
nation with the coupling constant g, and hence only the
quantity g2�0 can be inferred from it. A value of g can be
obtained if experimental values of �0 are available.

In order to take care of the periodicity in reciprocal space
we replace the factors jq�Q�j2 in Eqs. (1) and (2) by

4½sin2ðqx�Q�x

2 Þ þ sin2ðqy�Q�y

2 Þ�, and we neglect the depen-

dence on qz for our purpose as it varies weakly [17]. We use
as length unit the lattice constant a. The resulting momen-
tum dependence at the resonance energy is shown in Fig. 1
(a), with the two antiferromagnetic wave vectors Q1 ¼
ð�; 0Þ and Q2 ¼ ð0; �Þ. These wave vectors connect
Fermi surface sheets with same orbital character (n ¼
1; 2; . . . ; 5 corresponding to the five Fe orbitals dxz, dyz,

dx2�y2 , dxy, d3z2�r2), as illustrated in Fig. 1(a). Here, we

consider only the main orbital contributions to quasiparticle
scattering resulting from the n ¼ 1, 2, 4 orbitals and de-
scribe the different momentum variations with the help of
the parameter bn;� ( ¼ 1=2 for n� ¼ 11, 22, 41, 42, and
¼ 0 else). To obtain the band structure, we employ the
tight-binding fit in orbital basis of Ref. [18], which is based

on the DFT band structure of BaFe2As2. In Fig. 1(a) we
show the bare Fermi surface for kz ¼ 0, corresponding to
1 Fe=unit cell. The hole pockets at (0, 0, kz) and (�, �, kz)
are nearly nested to the electron pockets at (0, �, kz) and
(�, 0, kz) by the wave vectors Q1 and Q2[18–20].
We apply this model to hole-doped Ba0:6K0:4Fe2As2,

where data are available for spin and electronic excitations
as well as angle resolved photoemission. In Fig. 1 the
momentum and energy dependence for the parameter set

wT¼0 K=�T¼0 K ¼ 15:6 meV, �0 ¼ 0:375 meV=K, �0 ¼
5:84 K1=2, � ¼ 30 K, �r ¼ 2, �r ¼ 15:5 meV, �res ¼
3 meV is presented. The resonance in the spin excitation
appears at an energy�T¼7 K

res � 14 meV [8]. In momentum
space the mode is peaked around the wave vectors Q1 ¼
ð�; 0; qzÞ and Q2 ¼ ð0; �; qzÞ with correlation length �r of
nearly twice the lattice constant [Fig. 1(a)]. Comparing
the energy-momentum distribution in the normal and the
superconducting state [Fig. 1(b) and 1(c)], we see that low-
energy spectral weight is shifted into the resonance when

the continuum gap opens below 2 ��. In addition, the sharp-
ened momentum distribution leads to an enhancement of
the resonance intensity. In Fig. 1(d) we show the numeri-
cally calculated ratio wT=�T , which features this evolution
and is in excellent agreement with the functional form
wT=�T ¼ wT¼0 K=�T¼0 Kð1� T2=T2

c Þ.
Coupling to spin fluctuations.—We are interested in the

renormalization of the fermionic dispersion as a result of

FIG. 1 (color online). (a) Dominant orbital contributions at the
kz ¼ 0 Fermi surface cut (top); momentum dependence of the
spin-fluctuation mode (bottom). The mode is centered at wave-
vectors �Q1 ¼ ð0;��Þ and �Q2 ¼ ð��; 0Þ. (b) Energy-
momentum dependence of the spin susceptibility in the normal
state (T ¼ 50 K, bottom) and in the superconducting state
(T ¼ 15 K, top). (c) Spectral function �00ð!;QÞ for T ¼ 50 K
(dotted) and T ¼ 15 K (solid). The dashed line shows the
behavior for T ¼ 15 K if the material were in the normal state.
(d) The ratio wT=�T as function of temperature.
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the coupling of electrons to the spin-fluctuation mode. For
this we numerically determine the electronic spectral func-

tion Að�; kÞ ¼ � 1
� ImðPm½ĜR

mmð�; kÞ�11Þ. The Nambu-

Gor’kov Green’s function Ĝmpð�; kÞ, with orbital indices

m and p, fulfills the Dyson-equation Ĝmp ¼ Ĝ0
mp þP

nĜmn½� {
2 g

2�n � Ĝ0
nn�Ĝ0

np, with the bare Green’s func-

tion Ĝ0
mp, the susceptibility �n taken from Eqs. (1) and (2)

and the coupling constant g, which is assumed to be in-
dependent of energy, momentum and orbital number [16].
The idea is to extract the influence of the resonance by
comparing the superconducting and normal state disper-
sion from which self-energy effects are directly inferred.
This allows for an immediate comparison with experiment.

Dispersions obtained from ARPES usually differ from
DFT calculations by a renormalization factor of 2 [21,22].
In the upper panel of Fig. 2 we present the influence of a
coupling to spin fluctuations in the normal state. It shows
an intensity plot of the calculated spectral function Að�; kÞ
along a cut in the 1st Brillouin zone. The band maxima
and minima as well as the Fermi velocity align very well
with experimentally observed values [21]. By choosing
the coupling constant g to be the same for all orbitals
the band curvature becomes strongly enhanced leading
to the observed shallow electron pocket at the X point.
The bands are clearly renormalized by a factor of 1.5–2 and
the quasiparticle width increases with energy. Thus, cou-
pling to spin fluctuations gives an essential contribution
to the above mentioned renormalization.

Superconducting order.—Our model is restricted to the
low-energy region in the spin excitation spectrum, and
does not precisely treat the incoherent high-energy part.
However, this part considerably contributes to pairing
[23], whereas the energy range of interest (j!j<!c ¼
200 meV) gives only a partial contribution (about

40%–50%) to the value of the superconducting order pa-
rameter. Thus, we add in our theory a contribution �k

to the order parameter that results from the incoherent
high-energy part of the spin-fluctuation spectrum. The
order parameter is chosen to have s� symmetry, �kðTÞ ¼
�0ðTÞ cosðkxÞ cosðkyÞ. This pairing state is supported by

experiment
as well as numerical calculations [9,10,18,20,24]. The
magnitude of the superconducting gap was observed to

be ��ð15 KÞ � 12 meV at the inner holelike pocket as
well as the corresponding nested pockets [9,10]. We
choose �0 so that the renormalized gap reaches the experi-
mentally observed value at these particular points in the
Brillouin zone, which gives �0ð0Þ ¼ 18:1 meV. Since de-
tailed data for the temperature dependence is lacking, we

assume �0ðTÞ ¼ �0ð0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� T=Tc

p
.

Dispersion and linewidth.—In the superconducting
state, the dispersions shown in the upper panel of Fig. 2
are modified due to the appearance of the superconducting
gap on the one hand, and the modifications of the spin
excitation spectrum that is coupled to the conduction elec-
trons on the other hand. In the lower panel of Fig. 2 extracts
from the holelike and electronlike pockets at the � and X
point are presented for 15 K. At first glance the intensity
plots show no clear hint of the bosonic resonance, in
contrast to the eye-catching break features in the cuprates
[25]. In order to extract a quantitative effect we need to
analyze differences between the dispersions and linewidths
in the normal and superconducting state in detail.
Since multiple orbitals need to be taken into account

in the case of pnictides, the linewidth function and the
renormalization of the dispersion cannot be related in an
easy way to theoretically obtained self-energies. For this
reason we extract quantities from theoretically obtained
spectral functions exactly as they are extracted in ARPES
experiments [14,15]. For fixed energy the momentum de-
pendence of the spectral function (called momentum dis-
tribution curve, or MDC) is peaked, with the peak often
well approximated by a Lorentzian [see inset of Fig. 3(b)].
If the self-energy does not vary much as a function of
momentum over the width of such an MDC peak, the
MDC spectral function is of the form

A�ðkÞ ¼ 1

�

�00
�;k�

fv�ðk� k�Þg2 þ f�00
�;k�

g2 ; (3)

where k� determines the maximum point of the MDC, and
v� ¼ ð@k�=@�Þ�1 [26]. In the bottom panel of Fig. 2 we
show the MDC-derived dispersions � ¼ "k obtained from
k� of the �1;2 and the �1 band as black curves. The

modification of the bare dispersion �k to "k can be ex-
pressed in terms of the real part of an effective self-energy,
�0, that is defined by "k ¼ �k þ �0ð"k; kÞ. The bare dis-
persion is not measurable. However, as it is temperature
independent, any changes of �0ð"k; kÞ � �0

k with tem-

perature can be extracted experimentally by taking the

FIG. 2 (color online). On top: spectral function in the normal
state for T ¼ 50 K along a cut in the 1st Brillouin zone for
kz ¼ 0. At bottom: the same for the superconducting state at
T ¼ 15 K for the square regions indicated (a) and (b) in the top
panel. The black lines show MDC-derived dispersions for the
(a) �1 and �2 band and the (b) �1 band.
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difference between two MDC-derived dispersions at
fixed k. Hence the influence of the resonance can then

be quantified using the relation �0T
k � �0Tref

k ¼ "Tk � "Tref

k

with a given reference temperature Tref well inside the
normal phase.

In Figs. 3(a) and 3(c) the MDC-derived dispersions of
the �1;2 and the �1 band in the normal at Tref ¼ 50 K and

superconducting state at T ¼ 15 K are shown. The real
part of the effective self-energies in the respective inset
features a broad maximum at � 50 meV as well as a peak
at lower energies. This peak appears due to coupling to
the resonance at energy �Q þ�T

res, where �Q is the gap
at the corresponding Fermi surfaces that are nested by an
antiferromagnetic wave vector.

In Fig. 3(b) we discuss the imaginary part of the effec-
tive self-energy, �00ð�Þ � �00

�;k�
, that determines the line-

width of the MDC. Assuming that it weakly depends on
momentum in a small region around k� it is given by
�00

�;k � v��k�, and j�k�j is the full width at half maximum

(FWHM) of the Lorentzian in reciprocal space in direction
of v�. As seen in the figure it exhibits a linear dependence
for higher energies, i.e., �00ð�Þ / j�j, consistent with mar-
ginal Fermi liquid theory [27]. This results from the cou-
pling to the continuum, in particular, from the slow decay of
the spin-fluctuation spectrum towards high energies. The
spin resonance leads to a weak hump feature in �00ð�Þ for
excitation energies between 20–30 meV at the �1 band,
which is apparently observed in experiment [15]. When
decreasing the temperature below Tc the resonance signa-
ture in the self-energies follows the temperature depen-
dence of the resonance, as shown by selected examples in
Fig. 3(d).We note that the correct magnitude of the linear in
� high-energy part of �00ð�Þ restricts the coupling strength
g2�0. The experimental observations [15] are reproduced

with a coupling strength g2�0 ¼ 1:17� 103 	2
B eVK.

With this, all parameters of the theory are fixed by the
high-energy behavior of the electronic spectra, and conse-
quently all low-energy features discussed above are true
predictions of the theory.
Conclusions.—We have shown that coupling to spin-

excitations can quantitatively account for the renormaliza-
tion of quasiparticle dispersions in both the normal
and superconducting state of Ba1�xKxFe2As2 and likely
also of other compounds with comparable properties.
Given an experimental value of �0, it is possible to extract
the spin-fluctuation coupling constant g. This value is
not known for Ba1�xKxFe2As2, but was found to be
�0 ¼ ð3:8� 1:0Þ � 104 	2

B eV
�1 K for optimally doped

BaFe1:85Co0:15As2 [7]. Inserting this value, we infer g �
0:15–0:2 eV from our calculation. This coupling strength
is large enough to imply a dominantly magnetic pairing
scenario in the iron-pnictide superconductors.
We would like to thank S. Graser, J. Cole, and G. Schön

for helpful discussions.
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FIG. 3 (color online). (a) and (c) MDC-derived dispersions at
the �1, �2 and �1 band at T ¼ 15 K (solid) and T ¼ 50 K
(dashed). The insets show the real part of the effective self-
energy �0ð�Þ ¼ �0

�;k�
. (b) Imaginary part of the effective self-

energy at T ¼ 15 K at the �1 (solid) and the �2 (dashed) band.
(d) Temperature dependence of the imaginary effective self-
energy at the �1 band and the real part at the �1 band.
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