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Abstract. The electronic structure of various rare-earth oxypnictides has been
investigated by performing Fe L2,3 x-ray absorption spectroscopy, and Fe 2p
and valence band x-ray photoemission spectroscopy. As representative samples
the non-superconducting parent compounds LnFeAsO (Ln = La, Ce, Sm and
Gd) have been chosen and measured at 25 and 300 K, i.e. below and above
the structural and magnetic phase transition at ∼150 K. We find no significant
change of the electronic structure of the FeAs layers when switching between
the different rare-earth ions or when varying the temperature below and above
the transition temperatures. Using a simple two-configuration model, we find
qualitative agreement with the Fe 2p3/2 core-level spectrum, which allows for a
qualitative explanation of the experimental spectral shapes.
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1. Introduction

The discovery of high-temperature superconductivity in LaFeAsO1−xFx at the beginning
of 2008 [1] has generated much excitement and stimulated enormous scientific efforts.
Superconductivity emerges when electrons are doped into the FeAs layers either by chemical
substitution of fluorine for oxygen [1], or by oxygen deficiencies [2, 3]. Also hole doping into
the FeAs layers has been reported with superconductivity at 25 K [4]. In fact, a large oxypnictide
family LnFeAsO (Ln = La, Ce, Pr, Nd, Sm and Gd) has been found to be superconducting with
a transition temperature up to 55 K [3]–[6] and high upper critical fields [7, 8]. The onset of
the superconducting critical temperature (Tc) in these compounds increases with the reduction
of the rare-earth ionic size, and the highest Tc obtained so far is 55 K in SmFeAsO [3, 5].
Interestingly enough, this maximum value could not be increased by applying external pressure.
F-doped LaFeAsO1−xFx shows an increasing transition temperature Tc from 28 to 43 K at
4 GPa, but Tc decreases monotonically above 4 GPa and is lowered below 10 K at 31 GPa [9].
In contrast, superconducting NdFeAsO0.6 (nominal composition) with a Tc of 54 K at ambient
pressure shows a monotonic decrease of Tc up to the highest experimental external pressure of
18 GPa [10].

In the low doping regime, a magnetic and structural phase transition takes place at around
150 K for all rare-earth ions in LnFeAsO. The magnetic structure of the oxypnictides within the
a–b-plane consists of chains of parallel Fe spins that are coupled antiferromagnetically in the
orthogonal direction, with an ordered moment substantially less than 1µB per iron [11]–[15].

The knowledge of the electronic structure is a precondition for any advanced understanding
of all physical properties. In particular, it is of high interest to know the fundamental correlation
parameters that determine the electronic structure. In LaCoO3, for example, an energetic
proximity between the low-spin ground state and an intermediate- or high-spin state has been
found [16]–[18], which results in a clearly visible temperature-dependent x-ray absorption
spectroscopy (XAS) signal [17]. In principle, a structural phase transition may lead to different
ligand field parameters that become visible in XAS and x-ray photoemission spectroscopy
(XPS) measurements. The exchange of rare-earth ions also has an effect on the crystal structure
and therefore may also have an effect on the electronic structure. However, if a phase transition
does not change the orbital occupation (e.g. the spin state), but only affects the spatial
arrangements, changes may become invisible since tpd ∼ r−7/2.
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Core level spectroscopic measurements such as XAS and XPS are appropriate experimental
methods to enhance our knowledge about the dependence of the electronic structure on the Ln
ion. These methods are complementary to each other and reveal valuable information about
the electronic structure. Several publications have already presented results on the electronic
structure of LaFeAsO1−xFx using core level spectroscopy: a soft x-ray absorption study of the
O K and Fe L2,3 edge finds a doping-dependent shift of the chemical potential visible on both
edges. From a comparison of the O K edge spectra to local density approximation (LDA)-based
bandstructure, it is concluded that the electronic structure is bandwidth dominated. Furthermore,
simulations of the Fe L2,3 edge spectra by charge transfer multiplet calculations reveal a
multiplet-averaged value of Udd = 1.5 eV [19]. Different articles report on photoemission data.
Koitzsch et al present results from the photon energy dependence of the valence band spectra
and conclude that the low-energy peak is derived almost exclusively from Fe 3d states. With
electron doping they find a shift of the La 4d core levels towards higher energies, which they
attribute to a shift of the chemical potential with electron doping [20]. A recent XPS paper
investigates the Fe 2p core levels and the Fe 3p–3d resonant photoemission process [21]. The
data are consistent with a less correlated picture as well. Kurmaev et al [22] report on x-ray
emission and XAS experiments, and also support a picture without strong correlations.

In this paper, we present XAS and XPS data on LnFeAsO (Ln = La, Ce, Sm and Gd)
polycrystalline samples at temperatures above (300 K) and below (25 K) the phase transition
temperatures (T ≈ 150 K) and compare them with a two-configuration model.

2. Experiment

Polycrystalline samples of LnFeAsO (Ln = La, Ce, Sm and Gd) were prepared from pure
components (3N or better) by using a two-step solid-state reaction method, similar to that
described by Zhu et al [23]. In the first step, Fe powder and powdered As particles were milled,
mixed and pressed into pellets under Ar atmosphere, and annealed at 500 ◦C for 2 h and at 700 ◦C
for 10 h in an evacuated silica tube. In the second step, the FeAs pellets were milled and mixed
with Ln powder, annealed Ln2O3 powder and subsequently pressed into pellets under a well-
defined pressure. Then, the samples were heated in an evacuated silica tube at 940 ◦C for 2 h and
at 1150 ◦C for 48 h. To improve the homogeneity, the 940 ◦C annealing step was prolonged to
8 h. The annealed pellets were ground and polished, and the local composition of the resulting
samples was investigated by wavelength-dispersive x-ray spectroscopy (WDX) in a scanning
electron microscope. The samples consist of 1–100µm sized grains of LnFeAsO. They have
been characterized by x-ray diffraction, magnetization, transport and local probes such as muon
spin relaxation (µSR) and nuclear magnetic resonance (NMR) measurements [24].

XAS and XPS studies at the O K -, Ln M4,5- and Fe L2,3-edges as well as at the Fe 2p
and valence band excitations were performed at the UE52-PGM beamline of the synchrotron
radiation source Bessy II. The energy resolution was set to 60, 90, 115, 125 and 155 meV at 530
(O K ), 710 (Fe L), 840 (La M), 890 (Ce M) and 1020 eV photon energy (Sm M), respectively.
Data were recorded by measuring the partial electron yield (PEY) signal that has been taken
by using a multi-channel plate detector. In order to obtain appropriate surfaces, the pellets were
filed in situ in a vacuum environment of 10−8 mbar and measured at 10−10 mbar.

The photon and binding energies (XAS and XPS, respectively) are referenced to the Au 4f
binding energy throughout the paper unless indicated otherwise.
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Figure 1. Comparison of experimental XAS spectra of the Ln M4,5 edge
at 25 and 300 K and corresponding multiplet calculations (bottom spectra):
(a) LaFeAsO, (b) CeFeAsO, (c) SmFeAsO and (d) GdFeAsO. No spectral
variations are visible as a function of temperature, the theoretical spectra match
the experimental spectra very well which emphasizes the validity of the simple
picture commonly used for the rare-earth series also in this compound.

3. Results

3.1. Rare-earth absorption spectra

A common way to assign the formal valences is Ln3+Fe2+As3−O2−, which leaves Fe as 3d6, As
as 4p6 and O as 2p6 ions. These formal valences may change due to hybridization processes,
especially at Fe and As [19]. The number of electrons in the 4f shell of the rare-earth ions
depends on their atomic number. Formally, it is La: 4f 0, Ce: 4f 1, Sm: 4f 5 and Gd: 4f 7.
Since the 4f shell is screened by the fully occupied 5s and 5p shells, it can be treated as
not interacting with its environment, i.e. the influence of the crystal field can be neglected.
In figure 1, the experimental M4,5 absorption edges at 25 and 300 K are compared with
theoretical calculations. Here, M4,5 refers to excitations from a 3d core level (J = 3/2: M4

and J = 5/2: M5) into unoccupied 4f states. When neglecting crystal field effects, a description
using spherical symmetry should be sufficient in order to explain the experimental spectra. To
do so, we performed atomic multiplet calculations for La, Ce, Sm and Gd M4,5 absorption edges
using spherical symmetry [25, 26]. For better comparability, the theoretical intensities have been
broadened by a Gaussian of 0.25 eV half-width at half-maximum (HWHM) and a Lorentzian
of 0.25 eV (M5) and 0.6 eV (M4) (HWHM) due to different lifetime broadenings. As can be
observed in figure 1, these simple calculations match the experimental spectra very well, which
emphasizes the validity of the common picture of the rare-earth ion and its valence as 3+ for all
rare-earth ions tested and at different temperatures.

3.2. Fe L2,3-absorption edges

According to the dipole selection rules the Fe L2,3 excitations as probed by these experiments,
correspond to core electron transitions into unoccupied Fe 3d electronic states, i.e. the density
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Figure 2. Fe L2,3 absorption edges for the four different LnFeAsO systems at 25
(a) and 300 K (b). No significant changes of the spectral shape are visible for any
of the curves.

of states (DOS) of the unoccupied states is probed. We performed measurements of the Fe L2,3

absorption edge on undoped LnFeAsO (Ln=La, Ce, Sm and Gd) polycrystalline samples at two
different temperatures: 25 and 300 K. The two chosen temperatures are well below and above
these transition temperatures at ≈150 K and changes of the electronic structure should become
visible. In figures 2(a) and (b), the Fe L2,3 edge spectra at 25 and 300 K, respectively, are shown
for the four different samples. As can be seen, no obvious changes are visible. All eight spectra
consist of a main peak around 708.1 eV and a shoulder ≈1.5 eV higher in energy at the L3 edge,
similar at the L2 edge. Since the exchange of the rare-earth ions does not change the formal
valence, and all systems have the same generic phase diagram, no strong changes are expected.
Since the formal Fe valence remains unchanged, the only possible changes can occur due to
different Fe–As hopping and different local distortions of the tetrahedron surrounding one Fe
ion, but none of these possible influences become visible in the x-ray absorption spectra.

3.3. Fe 2p and valence band photoemission

In a photoemission process, a core or valence electron is excited into the vacuum. Therefore,
one probes the occupied states of a system complementary to the absorption process. But similar
to XAS, one is sensitive to changes in the electronic structure, especially to differences in the
hopping parameters between the central Fe ion and its surrounding As ligands. Figures 3(a)
and (b) present a compilation of Fe 2p spectra of the series LnOFeAs (Ln = La, Ce, Sm and
Gd) at 25 and 300 K, respectively. The spectra consist of the Fe 2p3/2 peak at E = 706.6 eV
and the Fe 2p1/2 peak at E = 719.8 eV. The principal structure of the spectra does not change.
We find a narrow but asymmetric Fe 2p3/2 peak and no strong separate satellite but a weak
shoulder at E ≈ 710 eV. However, at room temperature, the weak shoulder seems to weaken
even more when going from La to Gd, where it is almost invisible. Interestingly enough, such
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Figure 3. Comparison of experimental core level and valence band
photoemission spectroscopy data. (a) and (b) The Fe 2p excitation spectra at
25 and 300 K, respectively. Equivalently, (c) and (d) show the valence band
photoemission data.

behaviour has not been observed at 25 K. By substituting La by lanthanides of increasing atomic
weight, the lattice shrinks due to the well-known lanthanide contraction. Smaller bond lengths
favour larger hopping parameters, which would imply an increased satellite–main line distance,
contradictory to the experimental observations. However, the most likely explanation is that the
multiplets are somewhat different across the series causing different line shapes.

In figures 3(c) and (d), the valence band photoemission spectra of LnFeAsO are shown
for 25 and 300 K, respectively. In [20], the valence band spectra of LaFeAsO have been nicely
explained by the DOS as calculated in the LDA [27]. It turned out that the low-energy states are
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dominated by Fe 3d states with almost no admixture of As 4p states. The broad peak around 4 eV
consists of at least two features. The lower one around 3.5 eV contains spectral weight of various
atomic species (including Fe), whereas the high-energy feature around 5 eV is dominated by
excitations from oxygen.

A comparison of LaFeAsO to the other rare-earth oxypnictides is only qualitatively
possible, due to the existence of additional rare-earth emission lines. Due to these additional
peaks, a reasonable normalization of the spectra is difficult. Therefore, all data have been
normalized at the low-energy peak at ∼0.21 eV where only Fe states are present. Beginning with
CeFeAsO, its valence band emission spectrum shows the same features as LaFeAsO, beside a
small peak at ∼1.2 eV. This peak can be assigned to Ce 4f 1 emission as it has been found
also in other compounds earlier [28]. The Sm 4f 5 emission is known to appear between 5 and
10 eV binding energy [29] and can be assigned to the broad peak around 8 eV in the SmFeAsO
spectrum. The GdFeAsO valence band spectrum is dominated by an intensive peak at 8.2 eV and
is well known to originate from the Gd 5p excitation. Beside these additional features caused by
rare-earth excitations, the overall spectral shape remains unchanged for all LnFeAsO spectra.
This observation is in agreement with the Fe L2,3 edge absorption and 2p photoemission results
and emphasizes that an exchange of rare-earth ions in the oxypnictide family does not change
the electronic structure in the FeAs layers. Since the above argumentation holds true for both
temperatures tested, one can conclude that the magnetic and structural phase transition does not
affect the electronic structure of the FeAs layers as seen by these experiments.

4. Discussion

As mentioned above, the unoccupied DOS is probed in an XAS experiment. Therefore, the
spectral shape is mostly sensitive to the interactions in the final state, i.e. after exciting a Fe 2p
core electron of a certain ground state into an unoccupied Fe 3d state leaving a Fe 2p core hole
behind. In [19], such a scenario has been simulated for fluorescence yield data of LaFeAsO by
applying charge transfer multiplet calculations in tetrahedral symmetry Td. Summarized, they
find weak correlations (U = 1.5 eV, multiplet averaged), small hopping (|pdπ | = 0.27 eV) and
crystal field parameters (10Dq = 0.2 eV), and a small charge transfer energy gap 1= 1.25 eV,
where 1 is defined as the energy difference between the lowest lying states of the 3d7L and
the 3d6 multiplets, L denotes a ligand hole. According to the spectra shown in figure 2, these
values do not change significantly when replacing La by Ce, Sm or Gd, or when varying the
temperature above and below the transition temperatures TS and TN . The same observation
holds true for the Fe 2p and valence band photoemission spectra, where no significant changes
can be observed.

As long as the transition does not affect the orbital occupancy, simple changes of the
hopping parameter are invisible within the used resolution, since tpd ∼ r−7/2. In fact, recent
publications using angle-resolved photoemission spectroscopy (ARPES) suggest an exchange
splitting of the band structure as the origin of the magnetic phase transition [30, 31], which
would clearly be invisible in angle-integrated XPS as used during this investigation.

When discussing the Fe 2p photoemission spectra (figures 3(a) and (b)), the most important
feature of these spectra is the absence of an obvious satellite structure typically observed for
many transition metal compounds [32]. Closer inspection, however, reveals an asymmetric line
shape, especially of the Fe 2p3/2 peak, which leaves room for the possibility that the satellite is
situated close to the main line and both peaks almost merge. The satellite intensity is a measure
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of the degree of change in the hybridization state of the system when the initial state is compared
with the photoemission final state. In the simplest case, where only two energy levels are
considered, the ground state can be described by the wavefunction ψ = (cos θ)d6

− (sin θ)d7L ,
where L refers to a hole at the ligand orbitals As 4p. The photoemission final state corresponds
to ψS = (sin θ ′)cd6 + (cos θ ′)cd7L and ψM = (cos θ ′)cd6

− (sin θ ′)cd7L , where c refers to a hole
in the core level (here the 2p shell) created by the photoemission process, S and M refer to the
satellite and main line, respectively. Within the well-known two-configuration model introduced
by van der Laan et al [32] the satellite to main line intensity ratio is

IS

IM
= tan2 (θ ′

− θ) (1)

and the energy splitting is

1E =

√
(1− Udc)2 + 4V 2

eff, (2)

where 1 is the charge transfer energy, Udc is the on-site energy between the core hole and
the d-shell and Veff is the effective hybridization parameter between d6 and d7L states. The
relative weighing of the d6 and d7L configurations in the final state will strongly change relative
to the ground state if the Coulomb energy Udc is large since this favours the d7L configuration
because here the additional d-electron efficiently screens the core hole. According to for-
mula (1) this tends to increase the satellite intensity. The spectra in figure 3(a) and (b) suggest,
on the other hand, that the satellite intensity is rather low and the energy separation from the
main line is small. From this a rather small value of the on-site energy Udc can be inferred
which also points to a low value of the on-site Hubbard repulsion Udd since both quantities are
affected similarly by screening effects. In figure 4, we follow the above reasoning in a more
quantitative manner. Using Udd = 1.5 eV (multiplet averaged), Udc = Udd + 1 eV, 1= 0.0 eV

and Veff =

√
V 2

e + 3V 2
t2 = 1.39 eV (for S = 2 in Td symmetry), we obtain IS/IM = 0.15 and

1E = 3.7 eV. Note that 1= 0.0 refers to the energy difference of the centres of gravity of d6

and d7L configurations, while in [19], 1= 1.25 eV refers to the difference between the lowest
lying states of d6 and d7L of the full multiplet splitting. The relative weight and the energy
separation of satellite and main line are shown in figure 4 by bars. We find qualitative agreement
with experiment. The exact line shape can, of course, not be described correctly by this coarse
modelling since e.g. any multiplet effects are neglected.

In the local picture, the small splitting values 10Dq , |pdπ | and |pdσ | force the Fe states into
a high-spin situation obeying Hund’s first rule. Due to hybridization effects, the most important
contributions to the ground state are 3d6

(e3)(t2
3)

and 3d6
(e3)(t2

4)
L . Note that in Td symmetry it is

Ve =
1

√
3
Vt2 . Therefore, the ligand hole has mainly t2 symmetry in contrast to what is used

from, e.g., the cobaltites [33]. The energy difference between the two possible eigenstates
in the two-configuration model for the one electron removal process (d5 and d6L) is 1E =√
(1− Udd)2 + 4V 2

eff, where 1= E(d7L)− E(d6). When looking at the first electron removal
states as is present after a valence band photoemission process, there are two possibilities for
the removed 3d electron: it may have either e or t2 symmetry. In the first case, a configuration
like 3d5

(e2)(t2
3)

has three empty t2 and two empty e orbitals to hybridize with (i.e. Veff = 1.46 eV),
whereas in the latter case a configuration such as 3d5

(e3)(t2
2)

has four empty t2 orbitals and one
empty e orbital to hybridize with (i.e. Veff = 1.59 eV). So these states would split by 3.3 and
3.5 eV, respectively. When comparing these results with the experimental valence band and
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DOS one finds additional Fe states between 2.0 and 3.6 eV below the low-energy peak in
the photoemission (this work and [20]) and between 2.2 and 3.2 eV below the Fermi energy
in the DOS results [20, 27]. Interestingly enough, these values match those derived from the
local ansatz described above rather nicely. This is a somewhat surprising result, since it is well
known that the oxypnictide family has pronounced itinerant character. Since in the valence band
electron removal process no core hole comes into play, it seems questionable if a description
using a local ansatz for the valence band photoemission spectra is correct. However, resonant
photoemission data show that the feature at ≈ −3.6 eV is enhanced when driving the energy
across the Fe L edge [34] confirming the applicability of the model.

5. Summary

In summary, we performed XAS at the Fe L2,3 edge as well as core level Fe 2p and valence
band photoemission spectroscopy for various rare-earth oxypnictides LnFeAsO (Ln = La, Ce,
Sm and Gd) at temperatures above and below the phase transition temperatures. In none of
our results do we find significant change of the spectral shape that leads to the conclusion that
the electronic structure of the FeAs layers as seen by these experiments does not change by
exchanging the rare-earth ions or varying the temperature.

For further interpretation, we compared the experimental results with a simple two-
configuration model. Within this model, we are able to explain the absence of a strong satellite in
the Fe 2p excitation spectrum as a consequence of a small on-site Coulomb energy Udc between
the 2p core hole and the 3d-shell. When applying the same model to the valence band spectrum,
we find additional Fe 3d satellite excitations at 3.3 and 3.5 eV below the main (low-energy)
peak. Interestingly, the experimental valence band as well as DOS show additional Fe states at
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similar energies. These findings are somewhat surprising, since the validity of a local model
as used here is not obvious. LnFeAsO has been identified as a metal, which would support an
itinerant picture at least for the valence band description. Due to the existence of a Fe 2p core
hole in the other experiments, a local description may be sufficient as long as Udc is larger than
the conduction bandwidth. From LDA calculations, a conduction bandwidth of ≈4 eV [27] has
been found with a width of the unoccupied states of ≈2 eV. In this paper we use Udc = 2.5 eV,
which may be located at the border of validity. Note that any consequence of the influence
of a possible polarizability of the As ions (beside a small Udd) [35], is not included in any of
the theoretical methods used in this paper. In the context of these arguments, it is a surprising
but interesting point that the simple model as used in this work is still able to describe the
experimental spectra.
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