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Angle-resolved photoemission spectroscopy is used to study the scattering rates of charge carriers from
the hole pockets near I' in the iron-based high-T, hole-doped superconductors K,Ba;_,Fe,As,, x = 0.4, and
K,Eu;_,Fe,As,, x = 0.55, and the electron-doped compound Ba(Fe;_,Co,),As,, x = 0.075. The scattering
rate for any given band is found to depend linearly on the energy, indicating a non-Fermi-liquid regime. The
scattering rates in the hole-doped compound are considerably higher than those in the electron-doped compounds.
In the hole-doped systems the scattering rate of the charge carriers of the inner hole pocket is about three times
higher than the binding energy, indicating that the spectral weight is heavily incoherent. The strength of the
scattering rates and the difference between electron- and hole-doped compounds signals the importance of
Hund’s exchange coupling for correlation effects in these iron-based high-7, superconductors. The experimental
results are in qualitative agreement with theoretical calculations in the framework of combined density functional

dynamical mean-field theory.

DOI: 10.1103/PhysRevB.95.144513

I. INTRODUCTION

Originally iron-based superconductors (FeSC) [1] were
believed to exhibit only moderate electronic Coulomb cor-
relations because x-ray absorption data derived an on-site
Coulomb interaction U of less than 2 eV [2,3]. More recent
theoretical work [4-9], however, emphasizes that, in contrast
to the cuprates, where the correlation effects are dominated by
U, in the FeSCs—because of their intrinsically multiorbital
character—there is another factor to consider: the Hund
exchange interaction Jg.

Angle-resolved photoemission spectroscopy (ARPES) is
a suitable method to obtain information on the strength
of correlation effects since it delivers the energy (E) and
momentum (k)-dependent self-energy function X (E k), from
which one can derive the mass enhancement and the scattering
rate of the charge carriers due to many-body effects [10,11].

There are numerous experimental studies on the mass
enhancement in FeSC’s using various methods which appar-
ently support the strong influence of correlation effects, in
particular, related to Hund’s exchange interaction. A recent
compilation of such data was published in Ref. [12]. The
effective masses show a remarkably large variance; e.g., the
effective mass of KFe,As, varies between 2 and 19. There are
two reasons for these uncertainties: (i) the derived effective
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masses are related to the theoretical values of the bare mass,
usually taken from a DFT band structure calculation; and
(ii) there are several ARPES studies [13—17] indicating that
the mass renormalization is energy dependent (enhanced at
low energies), which, for methods covering different energy
ranges, leads to different values for the effective mass.
Recently, ARPES studies on the scattering rate or the
lifetime broadening I'(E) of electron-doped FeSC'’s, equal to
twice the imaginary part of the self-energy IX(FE), have been
presented by several groups [15,18-22]. To our knowledge,
no studies of the energy dependence of I'(E) in hole-doped
FeSCs exist in the literature. Besides the orbital dependencies
of the scattering rate, the temperature-dependent crossover
from coherent quasiparticles to incoherent charge carriers is
believed to provide support for a new metallic phase, which
was dubbed Hund’s metal [7]. Reference [9] theoretically
predicted that the regime should be associated with a char-
acteristic energy dependence of the lifetimes of elementary
excitations, in particular, not following the parabolic behavior,
which is a hallmark of the Fermi liquid. Within a model
context, such behavior was investigated within high-precision
renormalization-group techniques in Ref. [23] and interpreted
as an intermediate “spin-orbitally separated” regime, where
screened orbital degrees of freedom are coupled to slowly
fluctuating spins that are not yet Kondo screened. At very low
temperatures, a crossover to a Fermi-liquid regime is expected.
On the other hand, in any normal metal there is a crossover
from a Fermi-liquid to an incoherent behavior at higher
temperatures when the lifetime broadening I' exceeds the
binding energy of the charge carriers. Therefore, experimental
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work is needed to investigate the nature of the bad metallic
phase, to identify the intermediate regime, to check the
theoretical predictions, and to analyze the energy dependence
of the scattering rates.

In this contribution we use ARPES to study the scattering
rates in hole-doped “122” ferropnictides K,Ba;_,Fe,As;
and K,Eu;_,Fe,As; and compare the results with those
derived from our previous ARPES experiments [15,21,24,25]
on electron-doped compounds. The essential result of the
present study is that the linear-in-energy non-Fermi-liquid
scattering rates in hole-doped compounds are considerably
higher than in electron-doped compounds. We ascribe the
high scattering rates in the hole-doped compounds, different
from the cuprates, to the proximity to a compound with a 3d>
configuration in which, similarly to Mn compounds, Hund’s
exchange interaction Jy is important for the correlation
effects. The ARPES results are in qualitative agreement with
our calculations in the framework of DFT combined with
dynamical mean-field theory (DMFT).

II. EXPERIMENTAL PROCEDURE

Single crystals were grown using the self-flux technique
and characterized by transport and thermal property measure-
ments [26-28]. ARPES measurements were conducted at the
13-ARPES endstation attached to the beamline UE112 PGM
2 at BESSY, with energy and angle resolutions between 4
and 15 meV and 0.2°, respectively. Variable photon energies
hv = 20-130 eV were used to reach different k, values in
the Brillouin zone. The use of polarized photons allows the
selection of spectral weights with a specific orbital character
by matrix element effects [29].

III. THEORY

We have performed combined density functional/
dynamical mean-field theory (DFT + DMFT) calcula-
tions [30,31] using the DFT + DMFT implementation in
Ref. [5]. We have chosen the local density approximation to
the exchange-correlation functional, and Hubbard and Hund’s
interactions obtained from the constrained random phase
approximation [32] in the implementation of Ref. [33]. The
constrained random phase approximation calculations [34]
yield FO =2.6 eV, F>=6.2 eV, and F* =4.7 eV, corre-
sponding to a Hund’s rule coupling of /i = 0.8 eV. Calcula-
tions were performed at an inverse temperature of 100 eV~!,
corresponding to 116 K. The DMFT equations were solved
using a continuous-time quantum Monte Carlo solver [35]
as implemented in the TRIQS package [36], followed by an
analytical continuation procedure using the maximum entropy
algorithm [37].

IV. RESULTS

In the present contribution we focus on the scattering rates
of charge carriers from hole pockets and, in particular, from
the inner hole pocket. The reason for this is that in previous
studies of electron-doped and P-substituted compounds, I'(E)
was found to be strongest for the inner hole pocket [15].
Moreover, the superconducting gap is largest for the inner
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FIG. 1. Energy distribution maps of the hole pockets of
K.Ba;_,Fe,As,, x = 0.4, near the center of the Brillouin zone,
measured along the I'-M direction. Black lines indicate the derived
band dispersion. (a) Spectral weight of the inner hole pocket measured
at a temperature of 7 = 40 K using vertically polarized photons with
an energy of 75 eV. (b) Spectral weight of the middle hole pocket
measured at 7 = 1.5 K using horizontally polarized photons with an
energy of 47 eV.

hole pocket [38,39]. In Fig. 1 we show representative data on
the spectral weight of the inner [Fig. 1(a)] and the middle
[Fig. 1(b)] hole pockets near the center of the Brillouin
zone of optimally doped K.Ba;_,Fe;As;, x = 0.4, with a
superconducting transition temperature 7. = 30 K. Along this
direction the inner hole pocket has a predominantly Fe 3d,,
character, while the middle hole pocket has a predominantly
Fe 3d,, character [15]. The inner hole pocket is measured in
the normal state to avoid the influence of the superconducting
gap. For the middle hole pocket we present data in the
superconducting state to show the Bogoliubov-like back
dispersion near the Fermi level. The intensity of the outer hole
pocket with a predominantly Fe 3d,, character is very weak
in this compound because bands with this orbital character
exhibit the highest elastic scattering rates [40].

Similar energy distribution maps were obtained on over-
doped K,Eu;_,Fe;As,, x = 0.55 (T, = 29 K) (not shown).
Data on the slightly overdoped Ba(Fe;_,Co,),As;, x = 0.075
(T, = 22 K), for the inner two hole pockets near I" were already
presented in previous publications [21,24,25]. Also, in this
compound only the inner two hole pockets are visible at the I"
point, and not the outer one.

‘We have analyzed the ARPES data by a new method using a
two-dimensional fit of the measured spectral function A(E,k)
[11]. In this way we derived the dispersion, approximated by a
polynomial and IX(E). We have avoided using one of the stan-
dard evaluation methods. The first method consists in fitting
cuts at a constant energy (momentum distribution curves) by
Lorentzians. To obtain the scattering rates I'(E) the widths in
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FIG. 2. 3% as a function of the binding energy for the inner
hole pocket (filled green symbols, upper curves) and for the
middle hole pocket (open blue symbols, lower curves). (a) Data for
hole-doped K,Ba,_,Fe,As,, x = 0.4 (circles), and K,Eu;_,Fe,As,,
x = 0.55 (squares). (b) Data for electron-doped Ba(Fe,_,Co,),As,,
x = 0.075. The inner hole pocket data for K,Ba;_,Fe,As, and
the K,Eu,_,Fe,As, data were measured at 7 = 40 K. The middle
hole pocket data for K,Ba;_,Fe,As, and Ba(Fe,_,Co,),As, were
measured at 1.5 K. Black lines are derived from a linear fit.

momentum space are multiplied by the renormalized velocity.
As shown in the Supplemental Material [11] the method is
only correct for dispersions with small curvatures and for a
small energy dependence of IX. In the second method the
momentum distribution curve widths are multiplied by the
bare particle velocity to derive IX for the coherent part of
the spectral weight. This is correct for systems in which the
coherent spectral weight is well separated from the incoherent
spectral weight and is mainly located in satellites [10,41,42].
As shown below, in the ferropnictides as well as in other
correlated systems such as the cuprates, even near the Fermi
level, a large part of the spectral weight is incoherent and
therefore it is only possible to derive I'(E) or IX(E) from
the sum of coherent and incoherent charge carriers. Using our
new evaluation method we also avoid having to account for
the bare particle velocity, which is, in principle, unknown and
which is usually taken from DFT calculations.

In this way we obtain IX(E,k) for the two inner hole
pockets of K,Ba;_,Fe,Asy, x = 0.4, K Eu;_,Fe;As;, x =
0.55, and Ba(Fe;_,Co,),As,, x = 0.075, depicted in Fig. 2.
In certain energy ranges I¥ can be described by a linear-in-
energy relationship S = o + SE. At low energy the data
are limited by the finite energy resolution (=4 meV), by
thermal excitations for data taken at finite temperatures in
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the normal state [see Fig. 2(a)] and for measurements in
the superconducting state by three times the superconducting
gap A (for K,Ba;_,Fe;As;, x =0.4, A =6 meV) [43].
Correspondingly, for bands which are separated from the
Fermi level by an energy E; and for which the lowest electron
hole excitations are determined by a gap with an energy E,, the
lowest scattering processes appear at E; + E, (for the slightly
overdoped Ba(Fe _,Co,)2As;, x = 0.075, E, ~ 25 meV). On
the high-energy side, the data are limited by the crossing of
other bands. The constant term « is due to elastic scattering of
the charge carriers, e.g., by the dopants or by contamination
of the surface. The coefficient 8 of the linear term, absent
in a normal Fermi liquid, is, however, a strong indicator of
the strength of correlation effects. For K,Ba;_,Fe,As, we
derive B values of 1.7 0.2 and 0.5 &= 0.1 for the inner and
the middle hole pocket, respectively. Similar values for § have
been obtained for K, Eu;_,Fe;Asy, x =055 (8 =1.6+0.2
and 0.7 & 0.1 for the inner and the middle hole pocket, respec-
tively). Comparing the data on overdoped K,Eu;_,Fe,As;
with those on the optimally doped K,Ba;_,Fe,As,, within
error bars we do not observe a dopant dependence of the
B values. This result is similar to that on electron-doped
compounds [15]. The derived « values for K,Eu;_,Fe,As;
are slightly larger than those for K,Ba;_,Fe;As,, probably
due to the higher impurity concentration. For the electron-
doped compound Ba(Fe,_,Co,),As, we obtain 8 values of
0.8 £0.1 and 0.3 £ 0.05 for the inner and the middle hole
pocket, respectively. These B values are similar to those
derived for the electron-doped compounds NaFe,_,Co,As
and NaFe;_,Rh,As [15]. The statistical error bar for the data
points in Fig. 2 are of the order of the size of the symbols.
The systematic errors of the B values are discussed in the
Supplementary Material [11].

V. DISCUSSION

The linear-in-energy increase in I X (E) signals no evidence
of a coupling to bosonic excitations. If, e.g., phonons deter-
mined I, a steplike increase should be observed at phonon
energies close to 40 meV [41]. Moreover, similarly to the
electron-doped and the P-substituted systems [15], no kinks
are observed in the dispersion of the hole-doped compound
KxBal_XFegAsz.

In a normal Fermi liquid the scattering rate should be
proportional to E? [42]. Various ways of reaching non-
Fermi-liquid regimes have been discussed in the literature. In
Ref. [14], it was argued that the correlation-induced enhanced
phase space for electronic excitations could lead to a linear-in-
energy increase in the scattering rates. When the percentage
of the coherent quasiparticles approaches 0, a marginal Fermi
liquid is reached [11,44] and IX becomes linear in energy. In
this case dispersions observed in ARPES experiments should
not be mistaken for a quasiparticle dispersion. The same is true
of the Hund’s metal regime discussed below.

Generally the validity of the quasiparticle description was
defined by the equation % =2 < 1 [45]. The observed B
values between 0.5 and 1.7 show that % is between 1.0 and 3.4,
which is not smaller than 1. Thus the charge carriers in the hole
pockets are close to incoherent or are completely incoherent, as
in the hole-doped compounds. Therefore it makes no sense to
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separate the spectral weight into coherent states and incoherent
states. It also makes no sense to compare our data with
normal-state transport properties, since these are related to
less correlated charge carriers stemming from other sections
of the Fermi surface. Nevertheless, the large superconducting
gap in the inner hole pocket [38,46] signals that the electrons in
that pocket contribute to the superconducting pairing. Finally,
we emphasize that the reduced slope of IX at low energies in
the upper curve in Fig. 2(a) does not indicate a Fermi-liquid
behavior at low energies. Rather it is caused by the finite
energy resolution, by the elastic scattering term o =~ 12 meV,
and by the finite IX at zero energy but at finite temperature,
which, in a marginal Fermi-liquid model, amounts to &7 meV
at40 K [11].

It is interesting to compare the present data with results de-
rived on the cuprates. ARPES experiments on Bi, Sr,CaCu,Og
along the nodal direction derived a 8 value of 0.75, which also
signals the incoherent character of the charge carriers in these
compounds [47].

The difference between the scattering rate of the inner
hole pocket and that of the middle hole pocket has been
predicted by theoretical calculations [48,49] and compared
with experimental data for electron-doped and P-substituted
compounds [15]. This difference is caused by the fact that
the scattering rates between sections having the same orbital
character are higher than those between sections having
different orbital characters.

To obtain deeper insights into the nature of the non-Fermi-
liquid regime in the present case and to derive an at least
semiquantitative comparison of the experimental results with
theory we have performed calculations in the framework of
DFT + DMFT. The results are consistent with the expectation
of a highly doping-dependent incoherent state [9] based on
the “spin-orbital separation” scenario [23] induced by Hund’s
coupling [50]: while in a half-filled system Jp increases
the Mott gap, the inverse is true at all other commensurate
fillings [51,52], making the scattering rates strongly doping
dependent as predicted in [9].

Results for the calculated IX (E) are presented in Fig. 3. For
the hole-doped compound, at higher energies, an almost linear-
in-energy non-Fermi-liquid behavior with 8 & 0.9 is realized.
One should note that DFT 4+ DMFT averages the scattering
rate for a given orbital character over the hole Brillouin zone,
while in the present ARPES experiment only one particular
direction was analyzed, along which the orbital character of
the inner and the middle hole pocket is dominated by yz and
xz states, respectively. Thus the DFT + DMFT calculation
should be compared with the average value of the inner and
the middle hole pocket from ARPES. The calculations for the
electron-doped system yield scattering rates which are strongly

PHYSICAL REVIEW B 95, 144513 (2017)

0.20 1 1 1 1

0.154 B
< h
)
o 0.10 -
'rh

0.05 e B

0.00 T T T T

0.10 0.08 0.06 0.04 0.02 0.00

Energy (eV)

FIG. 3. DFT + DMFT calculations of 3% (E) as a function of the
binding energy for electronic states having an xz/yz orbital character
in BaFe,As, with 0.2 hole/Fe (upper curve) and 0.075 electron/Fe
(lower curve).

reduced. At high energies the calculations can be described by
B ~ 0.14, much smaller than the measured values. This could
indicate that the theoretical calculations still underestimate the
correlation effects in these compounds.

VI. SUMMARY

Our study of the scattering rate of the charge carriers from
the two inner hole pockets in iron-based superconductors
reveals a non-Fermi-liquid region, consistent with previous
observations in electron-doped compounds, now also in
hole-doped compounds. The essential result of the present
contribution is that most of the spectral weight in hole-doped
systems is incoherent and that correlation effects strongly
increase when going from electron- to hole-doped systems.
These results emphasize the importance of Hund’s exchange
interaction for correlation effects in hole-doped FeSCs with
a 3d count close to 5. The comparison with DFT + DMFT
calculations yields almost-quantitative agreement for the hole-
doped compound.
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