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We report an angle-resolved photoemission study of a series of hole- and electron-doped iron-based supercon-
ductors, their parent compound BaFe2As2, and their cousins BaCr2As2 and BaCo2As2. We focus on the inner
hole pocket, which is the hot spot in these compounds. More specifically, we determine the energy (E)-dependent
scattering rate �(E ) as a function of the 3d count. Moreover, for the compounds K0.4Ba0.6Fe2As2 and BaCr2As2,
we derive the energy dependence of the renormalization function Z (E ) and the imaginary part of the self-energy
function Im�(E ). We obtain a non-Fermi liquidlike linear in energy scattering rate �(E � kBT ), independent of
the dopant concentration. The main result is that the slope β = �(E � kBT )/E reaches its maxima near optimal
doping and scales with the superconducting transition temperature. This supports the spin fluctuation model for
superconductivity for these materials. In the optimally hole-doped compound, the slope of the scattering rate
of the inner hole pocket is about three times bigger than the Planckian limit �(E )/E ≈ 1. This result, together
with the energy dependence of the renormalization function Z (E ), signals very incoherent charge carriers in the
normal state which transform at low temperatures to a coherent unconventional superconducting state.

DOI: 10.1103/PhysRevB.103.155119

I. INTRODUCTION

There is an ongoing debate about the mechanism for
unconventional superconductivity in strange metals. For the
iron-based superconductors (FeSCs) [1] the most popular
model is connected with spin fluctuation scattering processes
between hole pockets in the center and electron pockets at the
border of the Brillouin zone (BZ), together with a sign change
of the superconducting order parameter: the s± superconduc-
tivity [2,3]. Thus it is very interesting to study the energy
(E ) dependence of the scattering rates �(E ) on those sections
of the Fermi surface which show the largest superconduct-
ing order parameter (hot spots). Those studies as a function
of doping concentration are the main topic of the present
paper. In a local approximation, the scattering rates depend
on the effective Coulomb interaction Ueff (U, JH ), where U
and JH are the on-site Coulomb interaction and the Hund ex-
change interaction, respectively. Therefore, it is interesting to
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complement the scattering rates with results on correlation
effects using other observables, e.g., the renormalization func-
tion Z (E ). Moreover, the investigation of correlation effects
in multiorbital systems as such is at present one of the great
unresolved problems in solid state physics [4–10].

The cuprates have just one band near the Fermi surface. In
the FeSCs there are three hole and two electron pockets, and
several of them have sections with different orbital charac-
ters [see Fig. 1(a)]. Therefore, it is rather difficult to receive
a microscopic picture for the mechanism of high-Tc super-
conductivity in these materials and one needs momentum
dependent results which one can obtain from Angle-Resolved
Photoemission Spectroscopy (ARPES) [11,12].

In the present contribution, we focus on the doping depen-
dence of the strength of the scattering rates � of the inner hole
pocket. This pocket corresponds to a hot spot exhibiting the
highest isotropic superconducting gap [13] and according to
our previous studies on various FeSCs shows the highest scat-
tering rates when compared with the other pockets [14–17].
We obtain a doping dependence with a pronounced maxi-
mum near optimal hole doping for both, the superconducting
transition temperature Tc and for the slope β = �(E�kBT )

E .
We therefore conclude that the scattering rates of the inner
hole pockets are related to superconductivity. In this way we
support the s± model [2,3]. From this comparison we also
derive that superconductivity is determined by a combination
of correlation effects and nesting conditions. Furthermore,
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FIG. 1. ARPES data of optimally hole-doped K0.4Ba0.6Fe2As2 in the normal state at T = 50 K measured with hν = 75 eV vertically
polarized photons. (a) Fermi surface derived from ARPES spectral weight near the Fermi level. The data are overlayed with a schematic
plot of the Fermi surface of the three hole pockets near � and two electron pockets near the M points. The predominant orbital character is
indicated by colors. (b) Experimental energy-momentum distribution map, measured along the red dashed line in (a). Red line: fitted dispersion.
(c) Waterfall plot of the MDCs (black points) together with a least-squares fit (green lines). Uppermost spectrum E = EF, lowest spectrum
E = 0.12 eV. (d) Experimental scattering rates �(E , T = 50 K) (black points) as a function of energy derived from the least-squares fit of
the intensity distribution. Green line: fit with a theoretical non-Fermi liquid model (see text). Dashed green line: estimated contribution from
elastic scattering. Blue line: fit with a Fermi liquid behavior. (e) Renormalization function Z(E) derived from ARPES data (red squares). Solid
red line: fit to a function given in Eq. (3). The results are compared with analogous data from BaCr2As2 (green points, solid green line). The
dotted lines are extrapolations of the fit curves to zero temperature. (f) Imaginary part of the self energy Im�(E ) derived from our experimental
values �(E ) and Z (E ) using the relation �(E ) = −2Z (E )Im�(E ) (red squares). Solid red line: fit to a linear energy dependence. The results
are compared with analogous data from BaCr2As2 (green points, solid green line).

using our new elaborated evaluation technique for the analysis
of �(E ) and the renormalization function Z (E ), we conclude
that the charge carriers at the hot spots have non-Fermi liquid
character. Finally, from our experimental scattering rates of
optimally hole-doped FeSCs we conclude that in particular
for the optimally hole-doped compound, the hot spot charge
carriers are heavily incoherent, i.e., β ≈ 3 well above the
Planckian limit of β = 1 [18].

II. EXPERIMENTAL

Single crystals were grown using the self-flux tech-
nique [19–21]. ARPES measurements were conducted at the
12 and 13 ARPES end stations attached to the beamline UE112
PGM at BESSY. All data presented in this contribution were
taken in the normal state at temperatures between 5 and 50 K.
The achieved energy and angle resolutions were between 4
and 15 meV and 0.2◦, respectively. Polarized photons were

used and an attempt was made to achieve perfect align-
ment of the sample to select spectral weight with a specific
orbital character and to avoid a contamination from other
bands [22,23]. Photon energies were varied between hν =
20−130 eV to reach kz values close to � points in the BZ. An
inner potential of 14 eV was used to calculate the kz values
from the photon energy.

III. DATA ANALYSIS

Using ARPES one measures the product of the spectral
function [24], with a transition matrix element and the Fermi
function. This product is convoluted with the energy and mo-
mentum resolution [11,12]. The spectral function is given by

A(E , k, T ) = 1

π
Z (E , k, T )

�(E ,k,T )
2

[E − ε∗
k]2 + [

�(E ,k,T )
2

]2 . (1)
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The spectral function A, the scattering rate �, and the
renormalization function Z are energy, momentum (k), and
temperature (T ) dependent. � is related to the complex self-
energy � by the relation � = −2ZIm�. Z is connected
to the Re� by Z = 1/(1 + Re�

E ); εk and ε�
k = Zεk are the

bare particle dispersion and the renormalized dispersion, re-
spectively [11,12,24]. For a Fermi liquid, �FL � E , Z (E ) =

1
1+λFL

= m
m∗ = const with m∗

m equal to the mass enhancement.
�FL, which is related to the inverse lifetime of the quasiparti-
cles, is quadratic in energy and in temperature.

Very often the description of the spectral function is ex-
tended to higher scattering rates, i.e., � is comparable to the
binding energy E [25,26]. For this case, there is the con-
jecture of a marginal Fermi liquid [27]. There the complex
self-energy is given by

�MF(E ) = λMF

[
E ln

(
|Ec

x
|
)

+ i
π

2
x

]
; (2)

x = max(|E |, kBT ) ≈ [E2 + ( π
2 kBT )2]

1
2 and Ec is a cut-off

energy. In this case the renormalization function is energy
dependent [28]:

ZMF(E ) = 1

1 + λMF ln
(∣∣Ec

x

∣∣) . (3)

We emphasize that for E � kBT , Im�MF is linear in energy.
In the standard procedure for the evaluation of the

scattering rates from the ARPES data, the momentum dis-
tribution curves (MDC, cuts at constant energy) are fitted
by a Lorentzian and the Full Width at Half Maximum
(FWHM) is multiplied by the velocity dε∗

k /dk yielding
�(E , T ) [11,26,29–36]. Very often non-Lorentzian MDCs
or energy distribution curves (EDC, cuts at constant k) are
realized in the ARPES data. For example, a strong in-
crease of �(E , T ) at high energies leads to long tails in
the EDCs. Furthermore, large scattering rates lead to con-
tributions from the unoccupied part of the band causing an
apparent back-dispersion for k < kF in hole pockets [37] sim-
ilar to dispersions in the superconducting state [see Fig. 1(b)].
All this may lead to incorrect scattering rates when using the
standard evaluation.

To derive more exact data for the scattering rates, we
developed a new elaborate evaluation method. We fit the two-
dimensional E − k intensity distribution map at once, using
as parameters �(En, T ) at each energy point En as well as
parameters describing the dispersion of ε∗

k . The assumption of
a parabolic dispersion gives reasonably fits. Higher orders in k
did not improve them. Other fit parameters describe a weakly
momentum and energy-dependent background which is added
to the spectral function. The sum is multiplied with the Fermi
function and the product is then convoluted with the energy
and momentum resolution. We mention that very close to the
Fermi level, the derived � values are very sensitive to the exact
position of the Fermi level. Normally, for the renormalization
function we use two parameters describing a polynominal
energy dependence. In two cases, i.e., Ba0.6K0.4Fe2As2 and
BaCr2As2, we use for each energy the parameters Z (En) [see
Fig. 1(e)]. The error bars for the scattering rates are not sta-
tistical errors, but the errors are estimated from the deviations

from a mean value of several measurements using different
spectrometers and photon energies.

From the analysis of the ARPES data described above,
we obtain the energy-dependent total scattering rate �(E , T )
which is the sum of the elastic scattering rate �el(E ) and
the inelastic scattering rate �in(E , T ). To obtain the inelas-
tic scattering rates we have to subtract the elastic scattering
rates. �el(E ) is usually assumed to be constant [26] which is
reasonably in a semiclassical picture. For a linear dispersion,
when the velocity v(E ) is constant, �el(E ) = v(E )w0 is con-
stant. The momentum width at the Fermi level w0 is related
to the constant inverse mean free path between scattering
sites inducing elastic scattering. In the case of a parabolic
dispersion, one has to subtract the energy-dependent �el(E )
from �(E , T ). In a semiclassical picture, w0 can be calcu-
lated from the data near EF because at small temperatures,
�in(0, 0) is zero and thus �el(0) = �(0, 0) = v(0)w0. Thus
we derive for the energy dependence of the elastic scattering
�el(E ) = v(E )w0 = �(0, 0)[v(E )/v(0)]. The velocities are
taken from the measured dispersion. Because it is not clear
whether the semiclassical model for the elastic scattering is
really applicable for a highly correlated electron system, in
this contribution, we prefer to show the full scattering rate
�(E , T ).

IV. RESULTS

In Fig. 1 we exemplary show ARPES data of optimally
hole-doped K0.4Ba0.6Fe2As2 (Tc = 38 K), recorded at a tem-
perature T = 50 K. Figure 1(a) shows the measured Fermi
surface, derived from the intensity close to the Fermi level.
The panel also presents a schematic plot of the Fermi sur-
face in which the predominant Fe 3d orbital character of
the sections is indicated in colors. In Fig. 1(b) we show an
energy-momentum distribution map of the measured inten-
sity measured along the high symmetry direction �-My [see
the red dashed line in Fig. 1(a)]. Under these experimental
conditions, near the � point we record the spectral weight of
the inner hole pocket having predominantly Fe 3dyz charac-
ter [22].

A waterfall plot of MDCs together with fits is shown in
Fig. 1(c) for the energy range 0 � E � 0.12 eV. From those
fits, we obtain the dispersion ε∗

k , the scattering rates �(E , T ),
and the renormalization function Z (E ). We emphasize that our
evaluation method for �(E , T ) is much better suited for data
close to the top of bands or close to the Fermi level than the
standard evaluation method.

The derived dispersion ε∗
k is shown as a red line in

Fig. 1(b). In Fig. 1(d) we present the derived experimen-
tal �(E ) together with fits. The blue line is related to a fit
for a Fermi liquid {�(E ) = �(E )in + �(E )el with �(E )in =
βFL[E2 + ( π

2 kBT )2]}. The green line corresponds to a non-
Fermi liquid fit with �(E )in = βx [see Eq. (2)]. �(E )el is
due to impurities or defects at the surface [11,12]. Using a
parabolic band and a constant mean free path we derive a
slightly energy-dependent �(E )el [see the dashed green line
in Fig. 1(d)].

The Fermi liquid fit does not describe the experimen-
tal results. On the other hand, the non-Fermi liquid fit
with β = 3.3 is much closer to the ARPES data. �(0, T =
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50 K) = 0.084 eV and �el(0) = 0.044 eV. The difference
�(0, T = 50 K) − �el(0) = 0.040 eV agrees well with the
contribution �in(0, T = 50 K) corresponding to a finite tem-
perature T = 50 K equal to β π

2 kBT = 0.042 eV. �el(0) =
0.044 eV together with the Fermi velocity vF = 0.9 eVÅ
corresponds to a mean free path of ≈60 Å, a value that is
quite common in ARPES experiments, also for not strongly
correlated materials [26,38].

In Fig. 1(e) we depict the experimental renormalization
function Z (E , T ) together with a fit using Eq. (3). In that
panel we compare the data of K0.4Ba0.6Fe2As2 with those of
BaCr2As2, which is a less-correlated material (see below). For
K0.4Ba0.6Fe2As2 and BaCr2As2 we derive λMF = 1.0 and 0.4
and cutoff energies Ec equal to 0.13 and 0.1 eV, respectively.

In the following we show ARPES data for various electron
and hole-doped FeSCs, the undoped antiferromagnetic parent
compound BaFe2As2, and the cousin compounds BaCr2As2

and BaCo2As2. We depict in Figs. 2–4 the energy-momentum
distribution maps together with fit results of the dispersion
(solid red line) measured along the high symmetry direction
�-My, waterfall plots of the MDCs together with fit results,
and energy-dependent scattering rates �(E � kBT ), together
with a fit using a linear energy dependence of �. The energy
range of the waterfall plots is listed after the chemical formula
of the compounds.

In Fig. 2 we depict data of BaCo2As2 (upper row) mea-
sured with a photon energy hν = 127 eV and a temperature
of T = 54 K. The middle row shows analogous results for
Ba(Fe1−xCox )2As2 x = 0.2 (hν = 49 eV, T = 50 K). The
lower row shows analogous results for Ba(Fe1−xCox )2As2

x = 0.08 (hν = 49 eV, T = 30 K).
In Fig. 3 we show data of BaFe2As2 (upper row) measured

with a photon energy hν = 78 eV and a temperature of T =
56 K. The middle row shows results for Ba1−xKxFe2As2 x =
0.2 (hν = 78 eV, T = 55 K). The lower row shows results for
Eu1−xKxFe2As2 x = 0.55 (hν = 40 eV, T = 40 K).

In Fig. 4 we show, in the upper row, data together with fit
results of Ba1−xKxFe2As2 x = 0.69 (hν = 71 eV, T = 55 K).
The middle row shows results for KFe2As2 (hν = 68 eV, T =
22 K), and the lower row depicts data for BaCr2As2 (hν =
70 eV, T = 50 K). In the latter, a low-intensity dispersion is
also visible from the middle hole pocket.

The results of β, together with a phase diagram [20] as a
function of the 3d count, i.e., the number of 3d electrons de-
rived from the chemical composition, are presented in Fig. 5.

V. DISCUSSION

Regions with a linear increase of the scattering rates as a
function of energy or temperature have been detected in resis-
tivity [39–41] and ARPES data [14–17,29,31,32,36,42–45] in
various correlated metals. In this contribution we emphasize
that for the hot spot of Ba1−xKxFe2As2, both from the energy
and from the influence of a finite temperature, an incoherent
non-Fermi liquid behavior is observed. The linear energy de-
pendence of �(E � kBT ) in the full range of the 3d count
from 4 to 7 is different from that at the nodal point in cuprates,
where for the scattering rate a continuous superposition of a
linear and a quadratic energy dependence [39] or a T n depen-
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FIG. 2. Upper row: Data for BaFe2As2. Left panel: ARPES
energy-momentum map together with a fit of the dispersion (red
line). Middle panel: Waterfall plots of the ARPES MDCs (black
dots) together with least-squares fit results (green line). Right
panel: �(E � kBT, T ) derived from ARPES data (black dots) to-
gether with fit results (green line). Middle row: Analogous data
for Ba(Fe1−xCox )2As2 x = 0.2. Lower row: Analogous data for
Ba(Fe1−xCox )2As2 x = 0.08.

dence with n changing from one to two was discussed [43],
when moving from optimal to overdoped compounds.

It is interesting to note that the largest slope of the scat-
tering rate occurs near the optimally hole-doped compound.
For this 3d count the scattering rate is about three times
bigger than the energy and therefore well above the Planckian
limit where �in(E , T ≈ 0) = E [18,41]. Moreover, it is also
remarkable that the slope, which to our knowledge is the
largest slope ever detected by ARPES, is about three times
bigger than that in optimally doped cuprate superconductors
along the diagonal direction [29,32,36,43,46]. It is certainly
a challenge to understand how the completely incoherent hot
spots in the normal state transform into a coherent supercon-
ducting state.

Looking to Fig. 5, we detect a clear linkage of the scat-
tering rates with the superconducting transition temperatures
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FIG. 3. Upper row: Data for BaFe2As2. Left panel: ARPES
energy-momentum map together with a fit of the dispersion (red
line). Middle panel: Waterfall plots of the ARPES MDCs (black
dots) together with least-squares fit results (green line). Right
panel: �(E � kBT, T ) derived from ARPES data (black dots)
together with fit results (green line). Middle row: Analogous
data for Ba1−xKxFe2As2 x = 0.2. Lower row: Analogous data for
Eu1−xKxFe2As2 x = 0.55.

Tc. There is a clear maximum near optimally hole doping.
This strongly supports the scenario that superconductivity is
induced by spin flip interband transitions between hole pock-
ets and electron pockets [2,3]. The reduced scattering rates
for BaCr2As2 and BaFe2As2 can be probably explained by
the existence of a magnetic order.

Using Fermi’s Golden rule and a local approximation, the
scattering rate is related to the on-site interaction Ueff and
the charge susceptibility which determines the relaxation of
the photoelectron to lower energies by an electron-hole ex-
citations [47,48]. According to Avigo et al. [16], the top of
the inner hole pocket and the bottom of the inner electron
pocket are separated in these compounds by ≈0.1 eV. In a
rigid band approximation, the Fermi level moves ≈0.5 eV per
dopant electron/hole. Assuming that intra-band transitions
would only be possible when hole and electron pockets cross
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FIG. 4. Upper row: Data for Ba1−xKxFe2As2 x = 0.69. Left
panel: ARPES energy-momentum map together with a fit of the
dispersion (red line). Middle panel: Waterfall plots of the ARPES
MDCs (black dots) together with least-squares fit results (green line).
Right panel �(E � kBT, T ) derived from ARPES data (black dots)
together with fit results (green line). Middle row: Analogous data for
KFe2As2. Lower row: Analogous data for BaCr2As2.

the Fermi level, these transitions could only occur in a range
of a 3d count of ± 0.2 around the undoped sample. This is in
line with the maximum of Tc for the hole-doped system but
too large for the electron-doped systems.

Superconductivity at higher dopant concentration could be
explained by the fact that the equation for the superconduct-
ing transition temperature yields also solutions for excitations
away from the Fermi level in a range of the coupling energies.
If these excitations are spin fluctuations, which have an energy
range between 0.01 to 0.2 eV [49,50], we can understand
that there is also a finite Tc in the overdoped compounds.
On the other hand, the decrease of Tc can be understood by
a decrease of the spin susceptibility, also detected by inelastic
neutron scattering [50], because in the overdoped compounds,
the electron or hole pocket has moved far above or below
the Fermi level, respectively. This reduction of the scattering
rate is clearly detected for strongly overdoped compounds.
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FIG. 5. Experimental values of the slope of the scattering rate
β = �(E � kBT, T )/E as a function of 3d count of various FeSCs
and related compounds. Part of the data has been presented already
in Refs [14,15,17,42]. (�) Ba1−xKxFe2As2, (�) Eu1−xKxFe2As2,
(
�

) Ba(Fe1−xCox )2As2, (�) BaCr2As2, (•) BaFe2As2. The filled
symbols correspond to antiferromagnetic compounds. The ARPES
data are underlaid with a phase diagram for hole- and electron-doped
BaFe2As2 compounds with the range of the superconducting phase
(SC, blue), the spin density wave phase (SDW, magenta), and the
range where both phases overlap (yellow) [20].

On the other hand, thermal properties have derived a strong
enhancement of the effective mass when going to higher hole
doping [20]. This indicates that the related flat bands close
to the Fermi level, detected in KFe2As2 by ARPES [51] and
by quantum-oscillation experiments [52], are causing a large
band mass enhancement, but not superconductivity.

For a 3d count of four (BaCr2As2 [42,53], see Fig. 5) as
well as for seven or eight (BaCo2As2 [54] or BaNi2As2 [55]),
reduced scattering rates or correlation effects are detected. A
reduction of correlation effects at higher electron doping was
also derived from ARPES results on the mass enhancement in
BaCo2As2 [54] and BaNi2As2 [55].

As explained in Ref. [15] the larger scattering rate for
the hole-doped systems, when compared to the electron sys-
tems, can be explained by an enhancement of Ueff in the
proximity to the half-filled 3d shell due to Hund exchange
coupling [56,57]. This means that our experimental data in-
dicate that the on-site Coulomb interaction U , the Hund
exchange interaction JH , the band filling, and the nesting con-
ditions determines the strength of the correlation effects in the
inner hole pocket, which shows the highest superconducting
gap.

As shown in our previous work on electron-doped
Ba(Fe1−xCox )2As2 and BaFe1−x(Co,Rh)xAs [14,15], on un-
doped LiFeAs [17], and on hole-doped Ba1−xKxFe2As2 x =
0.4 [15], the middle hole pocket (xz/yz character) show scat-
tering rates which are reduced by a factor of two to three
when compared with the inner hole pocket (yz/xz orbital
character). This tendency is also observed in some hole-doped
Ba1−xKxFe2As2 compounds for x different from 0.4 (not

shown). Moreover, also in our recent work on EuRbFe4As4

this difference in the scattering rate between the inner and the
middle hole pockets was detected [58]. Because the spectral
weight of the outer hole pocket (xy character) is very sensitive
to impurities or dopant atoms, we have data for this pocket
only for BaFe1−x(Co,Rh)xAs [14,15] and LiFeAs [17]. There,
we also detect a reduced scattering rate of the outer hole
pocket when compared with the inner hole pocket. We point
out that on the middle and the outer hole pockets, also smaller
superconducting gaps have been detected [13]. This supports
our suggestion, that the scattering rates are related to the
superconducting order parameter.

With increasing electron doping by Co, the stronger reduc-
tion of Tc compared to the weaker decay of the scattering rates
for overdoped Ba(Fe1−xCox )2As2 can be explained by a large
pair-breaking by Co scatterers [20]. The observation of a finite
scattering rate at high dopant concentrations can be explained
by a scattering from the inner hole pocket to other bands close
to the Fermi level.

The renormalization function Z (E ) shows a strong energy
and 3d count dependence [see Fig. 1(e)] as expected for a non-
Fermi liquid [27]. The less correlated BaCr2As2 compound
(smaller β) shows a smaller λMF compared to the more cor-
related K0.4Ba0.6Fe2As2. The cut-off energy Ec for the latter
compound is close to the extension of the Drude peak detected
by optical spectroscopy [59]. The observation of an almost
equal cut-off energy for BaCr2As2 is not expected when one
assumes that Ec is related to the band renormalization. The
finite value of Z (0) of K0.4Ba0.6Fe2As2 may be caused by the
finite temperature.

We have also calculated Im�(E ) from the relation �(E ) =
−2Z (E )Im�(E ) using our experimental values for �(E ) and
Z (E ). The results for K0.4Ba0.6Fe2As2 and BaCr2As2 are pre-
sented in Fig. 1(f). For both compounds we obtain a linear
energy dependence. The coupling constants derived from the
slopes of Im�(E ) are λMF = 0.8 and 0.2 for K0.4Ba0.6Fe2As2

and BaCr2As2, respectively. It is interesting to compare the
former result with semi-phenomenological calculations on
the basis of a coupling of the electrons to spin fluctuations,
obtained for the inner hole pocket of K0.4Ba0.6Fe2As2 in the
normal state [60]: at higher energies Im�(E ) ∝ E and the
slope is close to one in good agreement with our experimental
results. We conclude that our ARPES results on the energy
dependence and the finite temperature influence of �(E , T )
and Z (E ) consistently support a charge carrier behavior close
to a marginal Fermi liquid.
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