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Using high-resolution, lifetime removed, x-ray absorption spectroscopy at the As K edge, we evidence
the strong sensitivity of the As electronic structure upon electron doping with Co or pressure change in
BaFe, As,, at room temperature. Our results unravel the prominent role played by As-4p orbitals in the
electronic properties of the Fe pnictide superconductors. We propose a unique picture to describe the
overall effect of both external parameter doping and pressure, resolving the apparent contradiction between
angle-resolved photoemission spectroscopy, transport, and absorption results, with the As-p states as a key

ingredient.
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The layered iron-based pnictides (FeSC) have emerged
recently as a new class of high temperature superconduc-
tors with intriguing properties, igniting a worldwide burst
of interest. The FeSC consists of FeAs layers separated by
pnictogen, chalcogen, or rare-earth oxide blocking layers.
Soon after the first report of superconductivity in LaFeAsO
[1] (T. = 26 K), numerous other compounds with higher
critical temperature were discovered, such as SmFeAsO
(T. = 55 K), offering a complete new set of materials for
the study of unconventional superconducting state. Most of
FeSC share the same generic phase diagram. The parent
compound generally undergoes a spin density wave
transition at low temperature almost concomitant to a
tetragonal-to-orthorhombic structural transition. Upon dop-
ing or applying pressure, both structural and magnetic
transitions progressively vanish while superconductivity
settles in with a dome-shaped critical temperature as a
function of doping or pressure. This phase diagram is
somewhat reminiscent of that of the cuprates. But despite
their apparent similarity—both are layered systems with the
3d electrons as a key ingredient—superconductivity and
antiferromagnetism live in close proximity—FeSC appear to
be significantly distinct. Among the major differences, a
multiorbital description is necessary for Fe-based super-
conductors whereas cuprates are often considered as a
single orbital problem. The parent compound of the
cuprates is a strongly correlated Mott insulator whereas
itis a weakly correlated semimetal for the FeSC [2]; thus, it
cannot be described by the single-band Mott-Hubbard
model. This evokes the possibility in the FeSC of a
superconducting mechanism of unconventional nature
and different from the cuprates.

A crucial issue, yet to be fully understood, is the
respective effect of doping and pressure on the electronic
structure of the Fe-As active planar layer. To that purpose,
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the BaFe, As, family has been extensively studied. Indeed,
it offers the possibility to induce superconductivity by
isovalent (Ru on Fe sites) or nonisovalent (K onto Ba site or
Co, Ni, Rh, and Pd onto the Fe sites) substitution or by
applying hydrostatic pressure. If the equivalence of pres-
sure and doping at the structural level has been firmly
established [3], their respective influence on the electronic
properties is far from being settled. Worryingly enough, the
experimental results derived from the different probes of
the electronic structure provide contradicting conclusions.
On the one hand, photoemission measurements indicate a
filling of the Fe-3d bands upon doping. In this rigid band
model picture, the Co supplementary electron adds to the
existing bands, leading to a chemical potential shift [4—6].
Its direct consequence would be the increase in size of the
Fermi surface, explaining the transport measurement
results [7,8]. On the other hand, absorption spectroscopy
at the Fe K edge reports no sign of such a shift, neither upon
Co doping [9] nor under pressure [10]. Moreover theoreti-
cally, density-functional theory calculations found the extra
d electron to be located on the substituted site [11] in
agreement with Fe [12] and Co [13] L, ; edge absorption
experiments. This striking contradiction is further rein-
forced by the sensitivity of the absorption to the chemical
potential shift reported in fluorine-doped LaFeAsO [14].
In these works, however, the role of As has been greatly
overlooked. Here, we report a doping and pressure study of
BaFe, As, using hard x-ray absorption spectroscopy (XAS)
at high resolution beyond the lifetime broadening effect
with a focus on the As K edge. Our results shed new light
on the effect of both control parameters on the electronic
structure while revealing the prominent role played by the
As p states, and more generally on the role played by the
ligand in correlated materials.

© 2015 American Physical Society
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Pure and Co-doped single crystals of BaFe,As, were
grown using the self-flux method as described in Ref. [7].
The samples were extensively characterized by resistivity
and SQUID measurements. The cobalt concentration has
been determined within 0.5% accuracy by electron probe
and confirmed by transport and thermodynamics proper-
ties. For the high-pressure experiment, a piece of BaFe,As,
(80 pm wide, 20 ym thick) was loaded in a membrane-
driven diamond anvil cell using a Re gasket and silicon
oil as a pressure transmitting medium. The pressure inside
the diamond anvil cell was estimated using the
ruby fluorescence technique, yielding a precision below
0.5 GPa [15]. XAS at the As K edge was performed on the
GALAXIES beam line at the SOLEIL synchrotron [16].
The high-resolution spectra have been obtained in the
partial fluorescence yield (PFY) mode at the As K,
emission line at 10.54 keV. We use a 1 m spherically bent
Si(555) analyzer and an avalanche photodiode detector
arranged in the Rowland circle geometry for measuring
the emission spectra. The PFY spectra were recorded by
monitoring the emission main line intensity as the incident
energy was swept across the As K edge. Thanks to the
second-order PFY process, the XAS K-edge spectra can be
obtained with higher intrinsic resolution with respect to
standard XAS partly free from the 1s lifetime broadening
effect [17]. This sharpening effects is due the longer
lifetime of the 2p core hole left in the Ka emission final
state with respect to the 1s core hole. All the spectra have
been normalized to unity at high energy.

Figure 1(a) shows the doping dependence of the XAS
spectra as a function of Co concentration at room temper-
ature. The doping range covers the whole phase diagram
from undoped to overdoped Ba(Fe,_,Co,),As, with
x =20%. The difference with respect to the undoped
sample is highlighted by the filled curves (here multiplied
by a factor of 2 for the sake of visibility). The spectra show
basically no change up to x = 6%. Above this concen-
tration, a sudden increase of the near-edge intensity occurs,
marking a clear discontinuity in the doping evolution. The
pressure dependence of the pure parent compound is
represented in Fig. 1(b), together with the differences with
respect to ambient pressure (multiplied by a factor of 2).
The pressure varies from ambient pressure to 10 GPa, thus
covering the whole phase diagram from the normal state to
the superconducting region and further beyond. All the
low-pressure spectra (not shown here) up to 0.9 GPa are
identical to that measured at ambient pressure within the
instrumental resolution. A clear discontinuity occurs at
1 GPa, reminiscent of that observed in the doping depend-
ence at x = 0.6%. Above 1 GPa, we observed a strong
modification of the near-edge shape similar to the one
observed upon doping that cannot be ascribed to a rigid
shift of the ambient pressure spectrum, as shown in Fig. 2.

We now focus on the difference spectra in order to analyze
more quantitatively the spectral change as a function of
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FIG. 1 (color online). Left: Absorption spectra at the As K edge
in Ba(Fe;_,Co,),As, measured in the PFY mode for different
concentrations of Co at room temperature. The spectral differences
with respect to the parent (undoped) compound are represented by
the filled curves. The differences are multiplied by a factor of 2 for
the sake of visibility. Right: Absorption spectra evolution as a
function of pressure for the undoped compound and differences
with respect to the ambient pressure data (filled curves), multiplied
by a factor of 2.

doping or pressure in the proximity of the Fermi energy
around 11882 eV. The difference spectra were fitted by
the sum of two Gaussian functions centered at 11 882.8 and
11 887.5 eV with a null background [18]. The fit results are
represented in Fig. 3. The intensities are reported for both
pressure (black circles) and doping (red triangles) depend-
ence on the left-side of Fig. 3 for the 11 882.8 eV feature
only; the 11 887.5 eV peak exhibits exactly the same doping
and pressure evolution, showing that it pertains to the same
electronic states.

As observed from the crude inspection of the data, our
analysis confirms the discontinuous behavior of the doping
or pressure dependence with a jump in the spectral changes
at around x.=6.5% and P.=1 GPa, respectively.
Incidentally, the value of x. coincides with the maximum
of the superconducting critical temperature. This also
corresponds to the Co doping at which the evolution of
the electron concentration suddenly inverts as expected for a
rigid band model [8], a behavior sometimes referred to as a
Lifshitz transition [20,21] and suggesting a sudden reor-
ganization of the electronic structure near this concentration.
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FIG. 2 (color online). Comparison of the As K-edge spectra in 0 5 10 15 20 25 2.38 2.36

the undoped compound at ambient condition (black line) with the
spectra measured in the doped (red line) compound and under
pressure (blue line) shifted in energy. The rigid energy shift
cannot reproduce the spectral changes.

It is tempting to look for a common mechanism underlying
the pressure and doping dependences since both show a
similar behavior. To that end, we have converted the Co
concentrations and pressures into Fe-As interatomic distan-
ces using the data of Refs. [12,19]. The results are displayed
in Fig. 3(c). The discontinuity is found at a Fe-As distance of
2.39 A independently of the control parameter, suggesting a
close link between the electronic structure changes and the
Fe-As distance, and thus of Fe-3d and As-4p hybridization.

The crucial role of Fe-As hybridization for the electronic
structure of the Fe pnictides has been reported previously
[13,22,23]. The application of a hydrostatic pressure
decreasing the Fe-As distance is expected to increase the
overlap between Fe and As orbitals, reinforcing their
hybridization. To further investigate the effects of hybridi-
zation, we performed numerical simulations of the As K
edge in BaFe,As, using the FDMNES code [24].
We used a cluster radius of 17 A to reach full convergence.
The structural parameters in the space group (I4/mmm) at
ambient conditions were taken from Ref. [25]. The effects
of pressure were taken into account by contracting the
lattice parameters according to the diffraction data [25].
The main results are shown in Fig. 4. The simulated XAS
spectra (top part in Fig. 4) show a fair agreement with the
experimental ones, especially in the low energy region, the
most sensitive to Fe-As hybridization. Importantly,
the calculations are able to correctly reproduce the elec-
tronic changes with pressure as can be inferred from the
spectral differences between 0 and 7 GPa. It is reasonable
then to pay further attention to the density of states (DOS)
extracted from the FDMNES calculations as an insight into
the electronic changes under pressure. For the sake of
clarity in Fig. 4, we restrict ourselves to the projected DOS
for the Fe-3d and As-4p orbitals calculated at ambient
pressure and 7 GPa, well above the transition pressure P,.
Notice that in our experimental configuration, the incident

Xgo (%) dre-as (A)

FIG. 3 (color online). Left: Evolution of the 11 882.8 eV peak
intensity in the difference spectra (cf. Fig. 1) from the fit analysis
as a function of doping (red triangles, lower axis) and pressure
(black circles, upper axis); see text for details. Right: Same data
as in the left-hand panel as a function of the Fe-As interatomic
distance; we used Refs. [12,19] for converting pressure and
doping to interatomic distance. Lines are guides for the eyes.

beam was set perpendicular to the ab plane, so that the
XAS measurements are not sensitive to the p, orbital of As.
In accordance with the measurement geometry, only the
px + py projected DOS is represented for As. The calcu-
lated DOS confirm the strong hybridization between the
As-p and Fe-3d states. As illustrated in the bottom part of
Fig. 4, the effect of pressure on the As-4p projected DOS
mainly affects the occupied states below the Fermi level
(around 11 882 eV) with a shift of ~0.5 eV toward the low
energies when pressure is increased. The unoccupied states
(around 11 884 eV) are also slightly shifted to the same
direction but to a lesser extent. The direct consequence of
this renormalization of the carrier density is the increase of
the number of occupied states below the Fermi energy with
an As character. Because of the reinforced hybridization
induced by the Fe-As distance shortening, a similar behavior
is observed for the Fe-3d orbitals. With respect to the
chemical potential, the DOS of Fe-3d undergoes a global
shift toward the low energies simultaneously to the As-4p
states. Itis worth noting that, according to the simulation, the
As-4p orbitals seem to hybridize more strongly with the d?
and d,, Fe orbitals that show the strongest effects.

Our results, together with the previous studies at the
Fe K edge [9,10], give new insight on the respective roles
of As-p and Fe-d orbitals. First, our results demonstrate the
prominent role of the As p orbitals as the active electrons to
pressure changes, and equivalently to doping, since both
control parameters were shown to act similarly. This picture
agrees with the theoretical predictions that the doped
electrons are preferentially localized onto the As sites
rather than the Fe sites. Second, our picture can reconcile
XAS with angle-resolved photoemission spectroscopy
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FIG. 4 (color online). Top: As-K XAS experimental (dots) and
simulated (lines) spectra using the FDMNES code at 0 (black) and
6.6 (red) GPa; the position of the Fermi energy at 0 and 6.6 GPa
is indicated by the dashed lines. The experimental differences
(blue dots) agrees well with the simulated XAS spectral
difference at the same pressures (blue line). Bottom: Projected
density of states (solid lines) of the As-4p and Fe-3d orbitals for
the undoped BaFe,As, compound at ambient pressure (black)
and 7 GPa (red).

(ARPES) and transport measurements. The photoemission
experiments of Ref. [4] show an increase of the bandwidth
of the Fe-3d band upon Co doping. This behavior is
interpreted in a rigid band model where the doping
electrons are added to the Fe-3d band, resulting in an
increase of the chemical potential. We propose here that the
doping electron remains on the Co site as long as the Fe-As
distance exceeds the value of 3.9 A, that is, for concen-
tration lower than 6%. For higher concentration, the Fe-As
distance decrease enhances the hybridization and enables
the electron to delocalize from Co-3d to As-4p orbitals,
forming free carriers in the conduction band. Because the
electronic changes mainly affect the As-4p orbitals, it also
explains why the Fe K edge spectra remain unaltered in the
whole pressure and doping phase diagram as previously
reported [10]. Furthermore, our finding remains consistent

with the growth of the Fermi surface upon doping as
exhibited by ARPES results and transport measurements.
In a very similar way, pressure has no effect until a Fe-As
distance of 3.9 A is reached, around 1 GPa. Below this
distance, hybridization is strong enough to enable the
redistribution of the charge between Fe and As orbitals
resulting in strong changes in the As electronic structure.
Note that this crucial role of the ligand is not limited to
BaFe,As, and has been identified in many other correlated
materials. In high temperature superconducting cuprates
especially, there are growing indications from both theory
[26] and experiment [27-29] that oxygen orbitals play a
major role in the unconventional physics of copper oxides.

In conclusion, we have studied the electronic properties
of the BaFe,As, pnictide superconductors as function of
pressure and Co doping using high-resolution x-ray absorp-
tion spectroscopy. The results demonstrate that Co doping
and pressure have similar effects on the BaFe,As, elec-
tronic structure due to the shortening of the Fe-As distance
and the increase of Fe-As hybridization. Unexpectedly, this
mostly alters the As-4p states leading to a shift towards
lower energy while Fe-3d states undergo the same shift
because of the growing hybridization strength. Our inter-
pretation reconciles ARPES and transport measurements
with absorption spectroscopy. This sheds new light on the
prominent role of As for the understanding of the properties
of the Fe superconductors.

The authors thank V. Brouet for fruitful discussions about
the ARPES data. We acknowledge SOLEIL for provision of
synchrotron radiation facilities (proposal 20130376)
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