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Stability of the Fe electronic structure through temperature-, doping-, and pressure-induced
transitions in the BaFe2As2 superconductors
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We report on a survey of Fe electronic properties in the temperature-pressure phase diagram of the Co-
doped pnictides BaFe2As2 superconductors by hard x-ray absorption spectroscopy at the Fe K edge in the
high-resolution, partial fluorescence yield mode. The absorption spectra are found remarkably stable through
the temperature-induced phase transitions while pressure leads to slight energy shift of the main edge but
not of the pre-edge. The latter effect is ascribed to the lattice compression and band widening effects under
pressure as confirmed by multiple scattering simulations. Our results suggest that from the Fe electronic structure
point of view, doping and pressure are equivalent ways to destabilize the magnetic phase to the advantage of
superconductivity.
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A common feature of most unconventional superconducting
materials is the existence of a magnetically ordered phase
in their phase diagram.1,2 The magnetic parent compound
is usually considered from a formal point of view as the
seminal seed from which the superconducting phases are
derived. This applies, for instance, to the cuprates family,
where superconductivity (SC) emerges from the magnetic
phase either by doping or chemical substitution. In heavy
fermions (HF), on the other hand,3,4 SC appears under pressure
within or and at the border of the magnetic phase. The Fe-based
pnictides, the newly discovered family of superconductors,
interestingly combines both aspects, as SC can be found
either through pressure or doping changes.5,6 This last class of
superconductors has attracted a great deal of attention because
of its similarity to the cuprates, its high critical temperature
(≈40 K) (Ref. 7), and the surprising presence of magnetic 3d
ions. The pnictides comprise in fact a wide variety of materials
of different structures and chemical compositions, but all
presenting a similar phase diagram. The relevant phases for this
study are illustrated in Fig. 1(a) for Ba(Fe1−xCox)2As2, one
of the most studied families of pnictides. The undoped parent
compound shows a spin density wave (SDW) magnetic order
below TSDW (∼138 K). The transition to the SDW phase goes
together with a tetragonal-orthorhombic transition.8 Upon
substituting K onto Ba or Co, Ni, Rh, and Pd onto the
Fe sites,9–12 TSDW vanishes and superconductivity emerges.
Under pressure, BaFe2As2 becomes a superconductor, with Tc

reaching 28 K at the optimal pressure of 5.5 GPa, as shown
Fig. 1(b). Alternatively, an isovalent substitution of Fe by Ru
also enables superconductivity.13

The ambivalent pressure or doping pathways to the SC
phase, starting from the magnetic phase, raise the question
of the exact role played by the two parameters and their
equivalency. A recent structural study in Ba1−xKxFe2As2
reveals that pressure and doping affect similarly the Fe-Fe
atomic distance and the Fe-As-Fe bond angle, suggesting
that both control parameters operate in a similar fashion.14

Such a simple picture, however, does not apply to the Co-
doped family, which has spawned contradictory results. Co

substitution in Ba(Fe1−xCox)2As2, for instance, was shown to
leave the Fe electronic occupation at 300 K unchanged.15 This
seemingly indicates that the additional charge is localized on
the Co sites rather than on the Fe sites, in agreement with recent
theoretical predictions.16 However, this mechanism contrasts
with angle-resolved photoemission spectroscopy (ARPES)
measurements17–20 that report a gradual shift (about 20 meV)
of the chemical potential upon doping, thus favoring a rigid
band model in which Co donates its electron.

In this article, we aim to elucidate the roles of pressure and
Co doping in the BaFe2As2 family using high-resolution x-ray
absorption spectroscopy (XAS) at Fe K edge as a probe of
the Fe electronic states. A first, yet partial, answer has already
been provided by Bittar et al.15 The authors have studied the
influence of Co substitution using XAS at the Fe K edge, but
they could not detect any spectral changes up to x = 0.19.
The measurements, however, were carried out at 300 K with
moderate resolution, and they do not rule out possible changes
through the SDW or SC transitions. Indeed, the Fe electrons are
sensitive to their local environment via crystal-field strength,
hybridization, and exchange interactions with neighboring
atoms. Both SDW and SC transitions are expected to modify
these interactions. In contrast in this study, the Fe valence
is monitored by resolution-enhanced XAS through doping,
pressure, and temperature transitions, spanning a wide region
of the phase diagram [see the circles in Figs. 1(a) and 1(b)]. The
results evidence the remarkable stability of the Fe electronic
states throughout the pnictides phase diagram, further adding
to their peculiar properties.

Single crystals of Ba(Fe1−xCox)2As2 were grown using the
self-flux method.21 Starting reagents of high-purity Ba, FeAs,
and CoAs were mixed in the molar ratio 1 : (4 − x) : x, loaded
in alumina crucibles, and then sealed in evacuated quartz tubes.
For each doping level, a chemical analysis was performed by
an electron probe on several crystals yielding the Co content
within 0.5% absolute accuracy. XAS at the Fe K edge was
performed at the ID16 beamline at the European Synchrotron
Radiation Facility (ESRF) in the partial fluorescence yield
(PFY), high-resolution mode. Toward that end, the Fe Kα
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FIG. 1. (Color online) Temperature-doping (a) and temperature-
pressure (b) phase diagram of Ba(Fe1−xCox)2As2. Filled circles
indicate the points where spectroscopic measurements have been
performed.

(2p → 1s transition) emission line intensity was recorded
as a function of the incident energy. The detection setup
includes a 1 m spherically bent Ge(440) analyzer and an
avalanche photon diode detector laid out in the Rowland circle
geometry. In the PFY configuration, the 1s core-hole lifetime
broadening effect is partly removed, being superseded by the
sharper 2p width left out in the final state, thus providing XAS
spectra with improved intrinsic resolution. For high-pressure,
low-temperature measurements, the samples (60 µm wide,
20 µm thick) were loaded in a membrane-driven diamond
anvil cell (DAC) with silicon oil as a pressure transmitting
medium; the DAC was then mounted in a closed-loop He
cryostat. The pressure inside the DAC was estimated using
the ruby fluorescence technique yielding a precision below 0.5
GPa, taking into account the temperature dependence.22,23 All
data were corrected from self-absorption.

We first focus on the parent, undoped compound at ambient
pressure to investigate the SDW transition. The normalized Fe
K-edge XAS spectra are shown in Fig. 2(a) for temperature
ranging from 100 to 160 K with a step of 4 K. The spectra
are composed of an intense white-line peaking at 7122 keV
related to 1s → 4p dipolar transitions, preceded by a weaker
pre-edge feature around 7110.5 eV. Because Fe sits in a
noncentrosymmetric tetrahedral site, the latter structure is not
of pure quadrupolar 3d character but shows an admixture of
p and d states.24 The spectral differences with respect to
high temperature are also shown. No change of line shape
nor energy shift can be observed across the SDW transition,
revealing that the Fe site does not undergo any modification
of its local electronic or structural properties. Remarkably,
a similar behavior is found in the optimally doped sample
Ba(Fe0.935Co0.065)2As2 at low temperatures [cf. Fig. 2(b)].
Overall, these results primarily suggest that the structural
transition accompanying the SDW ordering entails no drastic
change of the Fe electronic properties and/or crystal field
symmetry. Combining these results with the reported Fe
valence stability under doping at ambient temperature,15 we
can first conclude that there is a remarkable stability of the Fe
electronic states upon doping or temperature changes.

Pressure, on the other hand, usually has a stronger effect
on the local electronic properties compared to temperature
or doping, as it acts directly on the interatomic distance
and hybridization. The investigation of the pressure-induced

FIG. 2. (Color online) Fe K-edge absorption spectra in the parent
BaFe2As2 (a) and optimally doped compounds Ba(Fe1−xCox)2As2

(x = 0.065) (b) as a function of temperature at ambient pressure. The
two datasets correspond to the transitions through the SDW (TSDW ≈
130 K) for BaFe2As2 (a) and superconducting phase boundaries
(TC ≈ 27 K) as indicated in Fig. 1(a). The spectral differences with
respect to the highest temperature are shown in each panel below the
absorption spectra, after multiplication by a factor 10.

transition also brings us closer to the seminal question of the
equivalence between pressure-induced and doping-induced
transitions. To that aim, we first applied a pressure of
1.5 GPa, where TSDW is reduced to ≈110 K,25 and then we
changed temperature at constant pressure from 90 to 140 K
with a 10 K step. Second, pressure was increased to 5.5 GPa
with Tc approaching its maximum value of 27 K in order
to study the superconducting transition. The spectra for both
temperature-induced SDW (1.5 GPa) and superconducting
transitions (5.5 GPa) are reported in Figs. 3(a) and 3(b),
respectively. In spite of a significant decrease in count rate due
to the absorption by the diamond anvils and the smaller sample
size, no alteration of the spectra can be detected when varying
temperature at 1.5 and 5.5 GPa. This is further confirmed
by inspection of the difference spectra that show barely any
changes with temperature.

At this point, it is important to discuss the sensitivity of
XAS to doping change. Cuprates can be used in the first place
as model systems. According to Ref. 26, La2−xSrxCuO4 expe-
riences a shift of chemical potential of 25 meV for x = 0.055
while the corresponding Cu K-edge spectra show a strong and
visible effect in both shape and energy position.27 A chemical
shift of similar amplitude is estimated in the optimally doped
Ba(Fe0.935Co0.065)2As2 compound with respect to the undoped
compound.20 Notice that in more ionic compounds, such as
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FIG. 3. (Color online) Fe K-edge absorption spectra for
BaFe2As2 as a function of temperature at constant pressure, re-
spectively, of 1.5 GPa (a) and 5.5 GPa (b). These two series of
data correspond to the temperature evolution through the SDW
[TSDW ≈ 110 K (Ref. 25)] at 1.5 GPa (a) and the superconducting
transition at 5.5 GPa (TC ≈ 27 K) as indicated in Fig. 1(b). Spectral
difference with respect to the lowest pressure data is shown below
the spectra.

manganites28 or Fe minerals,29 the Mn K edge is reported to
shift by several eV when the oxidation state is changed by
unity. This yields a sensitivity of a few percent of electron
variation, considering the experimental resolution. All in all,
we expect that electronic changes equivalent to that of a few
percent doping should be visible in the Fe K edge of pnictides,
which is not the case.

The last step to complete our survey of the Fe electronic
properties is the pressure dependence at constant temperature.
The corresponding spectra measured at T = 90 K are reported
in Fig. 4(a). We observe slight modifications of the spectra
with pressure, but these mostly affect the high-energy region
of p character that progressively shifts toward high energy;
in contrast, the pre-edge region sensitive to the d states is
barely modified except for a noticeable broadening effect [cf.
the lines in Fig. 4(a)]. The spectral changes are highlighted
in Fig. 4(b) for the two extreme pressure points. The overall
behavior under pressure is ascribed to the regular shortening
of the interatomic distance under high pressure and band
widening effects. To confirm this interpretation, we performed
numerical simulation of the Fe K edge using the FEFF8 code.30

As starting parameters, we used the crystal structures of
Ref. 31, respectively orthorhombic (space group Fmmm) at
1.5 GPa and tetragonal (space group I4/mmm) at 5.5 GPa.
The atomic potential was calculated self-consistently using
a cluster of up to 32 atoms within a radius of 5.5 Å in
the muffin-tin approximation. Both dipolar and quadrupolar
transitions were taken into account. The full multiple scattering
XAS calculations converge for a cluster of 154 atoms within

FIG. 4. (Color online) (a) Fe K-edge absorption spectra for
BaFe2As2 as a function of pressure at constant temperature T = 90 K
through the SDW pressure transition (PSDW ≈ 3 GPa), as indicated
in Fig. 1(b); the thick lines indicate the energy position of specific
spectral features in the pre-edge and post-edge region, highlighting
their differing behaviors. (b) Experimental spectra at low (1.5 GPa)
and optimal pressure (5.5 GPa) and FEFF8 CALCULATED SPECTRA AND

THEIR SPECTRAL DIFFERENCES (SEE TEXT FOR DETAILS).

the radius of 9 Å. The results for the two structures are
represented in Fig. 4(b) together with experimental data. The
high-energy features are well reproduced by the calculations
but not the low-energy part, especially in the pre-edge
region. This discrepancy, already reported in Ref. 15, is
likely due to a poor description of the correlated d states.
Nevertheless, the calculations succeed in reproducing the
main spectral changes with pressure (see the difference
spectrum) corroborating the structural origin of the energy
shift.

In conclusion, we find a remarkable stability of Fe elec-
tronic properties through temperature-, doping-, or pressure-
induced transitions in the Ba(Fe1−xCox)2As2 family. Thus Co
doping and pressure are two equivalent ways to cross the phase
diagram from the point of view of the Fe bulk electronic
structure. Unlike ARPES, which shows a clear dependence
of the chemical potential with doping,20 none of the control
parameters investigated in this study has a definite impact
on the Fe electronic states. This apparent contradiction can
be tentatively ascribed to experimental limitations: ARPES is
a very surface-sensitive probe compared to XAS and could
perceive a different electronic structure. We propose another
scenario, yet to be confirmed, that could reconcile both results.
The Co doping could primarily affect the As electronic levels.
In such a case, changes of the Fermi surface as observed by
ARPES would come from a perturbation of the As density
of states, while the Fe-projected electronic properties would
remain unaffected.
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L. F. Bufaiçal, M. A. Avila, H. Terashita, and P. G. Pagliuso, Phys.
Rev. B 83, 184508 (2011).

235123-4

http://dx.doi.org/10.1038/nphys254
http://dx.doi.org/10.1038/nmat2315
http://dx.doi.org/10.1103/PhysRevB.53.8241
http://dx.doi.org/10.1038/27838
http://dx.doi.org/10.1038/27838
http://dx.doi.org/10.1038/nphys1759
http://dx.doi.org/10.1038/nature08914
http://dx.doi.org/10.1038/nature06972
http://dx.doi.org/10.1103/PhysRevB.78.020503
http://dx.doi.org/10.1103/PhysRevLett.101.107006
http://dx.doi.org/10.1103/PhysRevLett.101.107006
http://dx.doi.org/10.1103/PhysRevLett.101.117004
http://dx.doi.org/10.1088/1367-2630/11/2/025008
http://dx.doi.org/10.1088/1367-2630/11/2/025008
http://dx.doi.org/10.1103/PhysRevB.80.024511
http://dx.doi.org/10.1103/PhysRevB.81.224503
http://dx.doi.org/10.1038/nmat2443
http://dx.doi.org/10.1103/PhysRevLett.107.267402
http://dx.doi.org/10.1103/PhysRevLett.105.157004
http://dx.doi.org/10.1103/PhysRevLett.105.157004
http://dx.doi.org/10.1103/PhysRevB.80.165115
http://dx.doi.org/10.1103/PhysRevB.81.104512
http://dx.doi.org/10.1103/PhysRevB.84.020509
http://dx.doi.org/10.1103/PhysRevB.83.094522
http://dx.doi.org/10.1103/PhysRevB.83.094522
http://dx.doi.org/10.1103/PhysRevLett.103.057001
http://dx.doi.org/10.1103/PhysRevLett.103.057001
http://dx.doi.org/10.1029/JB091iB05p04673
http://dx.doi.org/10.1068/htrt161
http://dx.doi.org/10.1068/htrt161
http://dx.doi.org/10.1209/epl/i2000-00515-8
http://dx.doi.org/10.1103/PhysRevB.79.224518
http://dx.doi.org/10.1103/PhysRevB.79.224518
http://dx.doi.org/10.1016/0921-4534(94)02395-6
http://dx.doi.org/10.1016/0921-4534(94)02395-6
http://dx.doi.org/10.1103/PhysRevB.41.131
http://dx.doi.org/10.1103/PhysRevB.41.131
http://dx.doi.org/10.1103/PhysRevB.56.8183
http://dx.doi.org/10.1103/PhysRevB.56.8183
http://dx.doi.org/10.1103/PhysRevB.58.7565
http://dx.doi.org/10.1103/PhysRevB.58.7565
http://dx.doi.org/10.1103/PhysRevB.83.184508
http://dx.doi.org/10.1103/PhysRevB.83.184508

