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Angle-resolved photoemission spectroscopy is used to study the band dispersion and the quasiparticle scattering
rates in two ferropnictide systems. We find the scattering rate for any given band to depend linearly on energy
but to be independent of the control parameter. We demonstrate that the linear energy dependence gives rise
to a weakly dispersing band with a strong mass enhancement when the band maximum crosses the chemical
potential. The resulting small effective Fermi energy favors a BCS [J. Bardeen et al., Phys. Rev. 108, 1175
(1957)] —-Bose-Einstein [S. N. Bose, Z. Phys. 26, 178 (1924)] crossover state in the superconducting phase.
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Introduction. Unconventional/high-temperature supercon-
ductivity is observed in heavy fermion systems, cuprates,
molecular crystals, and ferropnictides close to a point in the
phase diagram where, as a function of a control parameter such
as pressure, chemical pressure, or doping, antiferromagnetic
order is suppressed [1,2]. A widespread view is that at this
point, which is called a quantum critical point (QCP), strong
antiferromagnetic fluctuations are a candidate for the glue
mediating superconductivity and that these fluctuations would
also account for the normal state non-Fermi-liquid behavior
which is expressed, e.g., in a linear temperature dependence
of the resistivity or in a large mass enhancement of the
charge carriers. In the ferropnictides [3] the strange normal
state properties have been observed, e.g., in transport [4] and
thermal properties [5]. Theoretically a QCP in ferropnictides
has been predicted in Refs. [6,7]. On the other hand, there are
various models to explain the strange normal state properties
of unconventional superconductors, e.g., for cuprates on the
basis of a van Hove scenario [8—-10].

Angle-resolved photoemission spectroscopy (ARPES) is
a versatile method to obtain information on the energy (E)
and momentum (k) dependent real and imaginary parts of the
self-energy function ¥ (E,k) which are related to the mass
enhancement and the scattering rate, respectively [11-13].

In this contribution we used ARPES to study the band
dispersion and the scattering rate S(E) as a function of the
control parameter of two ferropnictide [3] systems: the “122”
compounds BaFe,(As,_,P,), and EuFe;(As,_,P,),, in which
As is isovalently substituted by P leading to chemical pressure
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and the electron doped “111” compounds NaFe;_,Co, As and
NaFe;_,Rh, As. There are numerous ARPES studies on these
systems published in the literature [ 14-21]. In the present study
we have measured along three directions in the Brillouin zone
(BZ), shown in Fig. 1(a), to reach the high symmetry points
on the three hole pockets and on the electron pockets.

In the wide range of the investigated control parameter
we find linear-in-energy scattering rates independent of the
control parameter and no enhancement at the supposed QCP.
Furthermore, we see that at optimal “doping” we observe a
crossing of the top of the hole band through the Fermi level.
On the basis of these ARPES results we propose the following
scenario: a co-action between a highly correlated electron
liquid with a linear-in-energy scattering rate and a crossing
of the top (bottom) of a hole (electron) pocket through the
chemical potential causes an anomalous band dispersion at
the Fermi level which leads to a strong mass enhancement in
the normal state and to a small effective Fermi energy favoring
a BCS [23] —Bose-Einstein (BE) [24] crossover state in the
superconducting phase.

Experiment. Single crystals were grown using the self-flux
technique [25,26]. ARPES measurements were conducted at
the 12- and 13-ARPES endstations attached to the beamline
UE112 PGM 2 at BESSY with energy and angle resolutions
between 4 and 10 meV and 0.2°, respectively. Variable photon
energies hv = 20-130 eV were used to reach different k,
values in the BZ. If not otherwise stated the measuring
temperature at the 12- and 13-ARPES endstations were 30 and
0.9 K, respectively. Temperatures above the Néel temperature
were used for unsubstituted samples in order to keep the
samples in the paramagnetic state.

Although ARPES is a highly surface sensitive method,
previous experimental and theoretical studies using density
functional theory (DFT) band structure calculations show that
ARPES results are close to the bulk electronic structure. In the
122 compounds a disordered Ba/Eu surface layer is formed
upon cleaving at low temperatures which leads to additional

©2015 American Physical Society
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FIG. 1. (Color online) (a) Schematic Fermi surfaces of ferropnictides at k, = 0 formed by three hole pockets at I' and electron pockets
at M. The back-folded electron pockets are not shown, since the ARPES matrix elements are rather small. The orbital character which was
adopted from Ref. [22] is indicated by different colors. The color code of the high symmetry points is used in the panels (c), (d), (f), (g), and
(h)—(k). (b) ARPES EDM of BaFe,(As;_,P,),, x = 0.27 measured along cut I near Z with a photon energy hv = 62 eV. The red lines depict
dispersions derived from MDC fits. The dashed white line is a parabolic fit to these data. (c) MDC from the data in (b) at the binding energy
Ep =40 meV. (d) Scattering rate S(E) (dots) together with a linear fit (solid line). (e)—(g) Analogous data for NaFe,;_,Rh,As, x = 0.027
near I" measured with v = 21 eV. (h) and (i) Doping-dependent S values for various high symmetry points near the I point of Ba/Eul22
(Ba dots/Eu squares) and NaFe,_,Co, As as a function of the P/Co concentration, respectively. (j) and (k) Doping-dependent top of the hole
pockets near the I' point in Ba/Eul22 and NaFe,_,Co, As, respectively. (1) EDM of the inner hole pocket of BaFe,(As,_,P,),, x = 0.24 near
I' measured with 7v = 80 eV together with a marginal Fermi-liquid fit (red line) using the bare particle dispersion shown by a black line. The

dashed lines in (h)—(k) are guides to the eye.

broadening of the lines due to elastic scattering [27]. Ordering
at higher temperatures leads to backfolding of bands. In the
111 systems calculations indicate that the electronic structure
of the surface layer is close to that of the bulk [28].

Results. First, we present data of the scattering rates. In
Fig. 1(b) we show an energy distribution map (EDM) along
cut I [Fig. 1(a)] for the optimally “doped” BaFe,(As;_,Py),,
x = 0.27 (with a superconducting transition temperature 7, =
30 K) measured close to the Z = (0,0,7/c) point, where ¢
is the lattice constant. We first present data at this point of
the BZ since at optimal doping only in this case finite Fermi
velocities are observed which allow the evaluation of S(FE)
down to low energies, while near I' the Fermi velocities are
close to zero leading to less accurate data of S(E) (see below).
The two inner hole pockets can be clearly resolved. Due to
matrix element effects the outer hole pocket is more difficult
to see in this system. A fit to four Lorentzians is shown
in Fig. 1(c). In Fig. 1(d) we present S(E) calculated from
the width in momentum space [13]. For both hole pockets,
we find a non-Fermi-liquid linear-in-energy dependence in
a large energy range of 5 < E < 120 meV, which can be
described by S(E) = o + BE. The value of « is determined by
elastic scattering, while g is governed by inelastic scattering

processes. 8 is much larger for the inner hole pocket compared
to the value of the middle hole pocket. Similar results have been
obtained previously for the system Ba(Fe_,Co,),As [29,30].
In Fig. 1(h) we present a compilation of all available data of 8
for BaFe,(As,_,P,), and EuFe;(As,_, P, ), taken with photon
energies corresponding to the I' point. No enhancement near
optimal doping (x = 0.3) is detected.

In Fig. 1(e) we show an EDM of the optimally doped
NaFe;_,Rh,As x = 0.027 (T. = 20 K) close to the I" point
along cut I. All three hole pockets can be clearly resolved.
The data at constant Eg = 40 meV could be well fitted by
six Lorentzians as shown in Fig. 1(f). The derived scattering
rates S are presented in Fig. 1(g). The 111 systems have
the disadvantage that close to the Fermi level the middle
hole pocket hybridizes with the inner hole pocket. As a
consequence, reliable results on S can be only derived at
higher binding energies. For all three hole pockets, S increases
linearly with increasing energy in the range where there is no
band overlap. For the inner, middle, and outer hole pockets we
derive § values of 1.0, 0, and 0.69, respectively. In Fig. 1(i)
we present a compilation of all 8 values for NaFe,_,Co,As
near I' as a function of Co concentration. As in the case of
the 122 compounds, the 8 values are rather independent of
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the control parameter and no enhancement at optimal doping
(x = 0.027) is observed.

Second, we present data on the position of the hole pockets
relative to the Fermi level. In Fig. 1(j) we show the top of
the middle and the inner hole pocket in BaFe,(As;_,P,), as
derived from a parabolic fit to the measured dispersion. In the
unsubstituted samples a splitting between xz and the yz states
of the order of 50 meV is observed in the tetragonal paramag-
netic phase which is not expected since these bands should be
degenerate at the I" point. On the other hand, a similar splitting
has been observed [31,32] above the structural transition tem-
perature in ARPES experiments on detwinned crystals. This
splitting was explained in terms of nematic fluctuations which
exist above the Néel and the structural transition. As expected
from other studies [32] the splitting decreases and disappears
near optimal “doping.” While we observe a decrease of the
Fermi wave vector at I' with increasing “doping” concentra-
tion, at Z the Fermi wave vector increases. Thus there is a Lif-
shitz transition of a Fermi cylinder at low P concentrations to
an ellipsoid around the Z point at higher P concentrations. This
Lifshitz transition close to optimal “doping” has been detected
in in several ARPES studies of Ba/Eul22 systems “doped”
with Co or P [17,33,34]. The proximity of the maximum of the
inner hole pocket to the Fermi level near optimal doping is also
supported by the EDM of BaFe,(As,_,P,), shown in Fig. 1(1).
We remark that in the present ARPES study, within error bars,
we have not found any major differences in the electronic
structure between BaFe,(As,_,P,), and EuFe,(As;_,P,), .
This is in line with the experimental observation that the Eu
4 f local magnetic moments only influence the phase diagram
at low temperatures. Indeed, the superconducting transition is
suppressed beyond x = 0.23 due to the ferromagnetic ordering
of Eu moments [35].

Finally, in Fig. 1(k) the top of the hole pockets in
NaFe,_,Co,As as a function of the Co concentration is
depicted. As in the case of the 122 compounds, the crossing of
the top of the inner hole pocket, having the strongest scattering
rate, occurs near optimal doping. The proximity of the
maximum of the hole pockets to the Fermi level near optimal
doping is also supported by the EDM of NaFe;_,Rh,As,
x = 0.027 shown in Fig. 1(e). Finally we mention that there is
no k, dependence of the 8 values [13].

Discussion. Our experimental results can be compared
with those from theoretical calculations in the framework of
DFT combined with dynamical mean-field theory (DMFT).
Interestingly, non-Fermi-liquid-like self-energies have been
reported [36,37] which could be fitted by sublinear power
laws over a range of elevated energies. Although the de-
tailed interpretation differs between the two references, this
incoherent-metal behavior has been attributed to an interplay
of Hubbard and Hund’s-rule couplings in a multiband system:
there is a sizable regime where carriers are strongly scattered
by slowly fluctuating unquenched spins. Importantly, this
source of scattering is essentially local in space, implying
that it is weakly influenced by longer-range spin correlations
and can thus persist over an extended part of the phase
diagram. We believe that our observation of a strong, weakly
doping-dependent, and approximately energy-linear single-
particle scattering rate is consistent with originating from local
correlation physics as the one described by DMFT. We point
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out, however, that the doping dependence of the scattering rate
as reported in Ref. [36], where non-Fermi-liquid behavior has
been seen only for hole but not for electron doping, appears
inconsistent with our results.

In the highly correlated systems inelastic scattering pro-
cesses are determined by intra- (having the same orbital
character) and interband (having different orbital character)
transitions. The difference in the scattering rates between
the hole pockets have been predicted by theoretical calcula-
tions [22,38] as the scattering by intraband transitions should
be larger than that by interband transitions. Figure 1(a) shows
that there is a nesting between sections on the inner hole pocket
having yz orbital character (around point 1) and a section of the
electron pocket at M, (around point 5) having the same orbital
character. The same happens when turning the angle by 90°
for a nesting of sections of inner hole pocket having xz orbital
character with similar sections of the electron pocket at M.
The middle hole pocket, on the other hand, shows reasonable
nesting conditions only between sections having different
orbital character, which explains the reduced scattering rate.

From the scattering rates we calculate the imaginary
part of the self-energy function ImX and extrapolate the
linear-in-energy-dependence to zero energy. Furthermore, we
use a cutoff energy of 1.5 eV (a value which roughly
corresponds to the bandwidth of the Fe 3d states) above
which ImX is assumed to be constant. Details are described
in the Supplemental Material [13]. In this way we obtain
a self-energy also used in the phenomenological marginal
Fermi-liquid theory [39]. The comparison with experimental
data near point 1 for BaFe,(As;_,Py), yields a coupling
constant Ay = 1.5 which is comparable to the values derived
for cuprates [40]. Further values for A, are presented in the
Supplemental Material [13].

Since ReX and ImX are connected by the Kramers-Kronig
relation, we should also use a non-Fermi-liquid analytic
expression for ReX [13,39]. The renormalized dispersion is
derived using the calculated ReX and the bare particle disper-
sion from DFT band structure calculations [41,42]. In Fig. 1(1)
we show an energy distribution map of BaFe,(As;_,P.),,
x = 0.24 measured near I" along cut I using a vertical photon
polarization. The dispersion could be fitted (red line) using the
calculated renormalized dispersion, depending on the coupling
constant Ay . We obtain a Ay = 1.6 which is close to the
value derived from ImX.

In the following we calculate the renormalized dispersion
close to the Fermi level as a function of the band position
using ReXy,r and the parameters Ay r = 1.5, E. = 1.5 eV,
and an electron mass derived from DFT calculations on the
inner hole pocket of BaFe,As, [41]. In Fig. 2(a) we show
such calculations for a bare particle hole pocket touching
the chemical potential (black), for ReX (green), and for the
renormalized band (red). Due to the fact that Re X scales to zero
logarithmically and is very close to the bare particle dispersion,
there is a strong mass renormalization m*/mg ~ 10 close to
the Fermi level which is related to a weakly dispersive band.
This mass enhancement near the Fermi level increases with
increasing Ay r and increasing mg. The mass enhancement is
energy dependent and decreases at higher energy to a value
m*/mg =~ 2. In Fig. 2(b) we depict an analogous calculation
but with the top of the bare hole pocket shifted 50 meV above
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FIG. 2. (Color online) (a) Bare particle dispersion (black line) with the top of the hole pocket at the Fermi level together with calculations of
ReX )y r (green line) and the renormalized dispersion (red line). In addition, we show the effective mass m*/m, (blue line) and the m*/my = 1
line (thin dashed blue line). (b) The same as (a) but with the top of the hole pocket 50 meV above the Fermi level. (c) The same as (a) but with

the top of the hole pocket 50 meV below the Fermi level.

the Fermi level. At the I" point the calculated dispersion shows
a mass renormalization by a factor of 4. On the other hand, the
slope of the dispersion at the Fermi level (red line) has strongly
increased. Compared to the bare particle mass m, below and at
the Fermi level there is only a moderate mass enhancement for
the occupied electronic states. We emphasize that in this case,
where the top of the hole pocket is not at the Fermi level, there
is no divergent mass enhancement. This means that the strong
low-energy scattering rates of a moderately correlated system
alone cannot describe the strange normal state properties at
a specific value of the control parameter. In Fig. 2(c) we
present analogous calculations for a bare particle hole pocket
shifted below 50 meV below the Fermi level. At I the bare
particle dispersion is renormalized by a factor &5 and the mass
enhancement is strongly reduced. Analogous calculations, in
which ImX is extrapolated below 5 meV by a Fermi-liquid
behavior (ImX o E?) yield also a large mass enhancement at
the point where the hole pocket crosses the Fermi level [13].

These calculations show that the crossing of the top of
the hole pocket having there a constant bare density of
states typical of a two-dimensional electronic structure plays
an important role for these correlated systems. It explains
the divergent mass enhancement in the transport properties
observed in BaFe,(As;_,P,), at low energies near optimal
doping [4] and the strange behavior of the thermal properties
of Ba(Fe;_,Co,),;As, [5]. Furthermore, it is interesting to
compare our doping-dependent results of ImX with the
temperature-dependent resistivity data of BaFe,(As;_,P,),
which is determined mainly by the high mobility of the charge
carriers of the electron pockets [4,43]. At higher temperatures
the resistivity near optimal doping is linear in temperature over
a considerable range of P concentrations. This indicates that
near optimal doping both Im¥ and the resistivity is determined
by the same non-Fermi-liquid scattering rates.

There are several ARPES publications on iron-based
superconductors which show clear indications of weakly
dispersing bands at the Fermi level, which cannot be explained
on the basis of DFT calculations. In a recent ARPES study
of ferrochalcogenides an apparently nondispersive peak at
@ has been detected which is not in agreement with DFT
calculations [44]. Moreover, in the same system ‘“shallow
pockets” have been detected which could lead to a BCS-BE

crossover in the superconducting phase [45]. These anomalous
band dispersions can be well described by the scenario
presented here.

Different from the iron-based superconductors, in the
cuprates there is already in the bare particle band structure
a peaked density of states (DOS) due to a saddle point in
the band structure. There is a long-standing discussion on the
importance of this van Hove singularity, which crosses the
Fermi level near optimal doping [8—10] and on a breakdown
of the Migdal theorem [46] which was the basis of the
standard BCS theory of superconductivity. This breakdown
requires the inclusion of nonadiabatic effects and the gen-
eralization of the Eliashberg equations [47] interpolating
between the BCS theory and the BE condensation [48].
In an ARPES study on YBa;Cu3O;_s an “extended” van
Hove singularity has been found [49] which can be nicely
explained by the scenario described above: a co-action between
a highly correlated electron liquid behavior and a weakly
dispersing band (the saddle point) moving through the Fermi
level.

Summary. For chemically pressurized and n-type doped
ferropnictides we observe linear-in-energy scattering rates
which do not change as a function of the control parameter.
In particular, we see no enhancement of the scattering rates
close to the expected QCP. Furthermore, at optimal “doping”
the top of the hole pockets having the largest scattering rates
crosses the Fermi level. The strange normal state transport and
thermal properties near optimal “doping” can be explained
by a proposed scenario in which a co-action of the real part
of a non-Fermi-liquid self-energy with an edge in the DOS
at the Fermi level leads to a weakly dispersing band at the
Fermi level and to strongly enhanced effective masses. The
high effective masses imply small effective Fermi energies
which could be comparable to bosonic energies mediating
superconducting pairing. The possible violation of Migdal’s
theorem could lead to a superconducting phase which is near
the BCS-BE crossover. The results can be generalized to other
unconventional superconductors and possibly are a recipe for
future search of new high-7, superconductors.
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