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Experimental versus ab initio x-ray absorption of iron-doped zirconia: Trends in O K -edge spectra
as a function of iron doping
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We present an experimental study of x-ray absorption near edge structure (XANES) at L2,3, M2,3, and K edges
of, respectively, Fe, Zr, and O in iron-doped zirconia (ZrO2:Fe) for different Fe dopant concentrations x (from x ∼
6% to x ∼ 25% at.) and make the comparison with ab initio simulations at the O K-edge. The x-ray magnetic circu-
lar dichroism (XMCD) measurements show no evidence of ferromagnetic (FM) order for all the analyzed samples
in agreement with our ab initio simulations, which show an antiferromagnetic (AFM) order. We found that sub-
stituting Zr with Fe atoms leads to a radical change in the O K-edge XANES spectrum, especially in the pre-edge
region where a pre-edge peak appears. This pre-edge peak is ascribed to dipole transitions from O 1s to O 2p states
that are hybridized with the unoccupied Fe 3d states. Both theoretical and experimental results reveal that the inten-
sity of the pre-edge peak increases with Fe concentration, suggesting the increase of unoccupied Fe 3d states. The
increase of Fe concentration increases oxygen vacancies as required for charge neutrality and consequently im-
proves AFM ordering. According to our first-principles calculations, the effect of one Fe atom is mostly localized
in the first oxygen shell and vanishes as one moves far from it. Thus the increase of the O K-pre-edge peak with in-
creasing Fe concentration is due to the increase of percentage of oxygen atoms that are near neighbors to Fe atoms.
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I. INTRODUCTION

Spintronics is a branch of research that exploits the charge
and spin of an electron for carrying and storing information.
In the near future, spintronics technology will lead to a
fundamental transformation of current electronic devices such
as computer’s memories, permitting much faster operations,
low-energy consumption, and their extreme miniaturization.
This miniaturization requires the development of new mate-
rials insensitive to parasitic external magnetic fields, while
preserving the magnetoresistive signals of existing systems
based on giant or tunnel magnetoresistance [1]. This could
be obtained in tunnel anisotropic magnetoresistance structures
incorporating antiferromagnetic (AFM) materials instead of
ferromagnetic (FM) ones [1], opening a route towards AFM
spintronics [2].

In recent years, diluted magnetic semiconductors (DMS)
and diluted magnetic oxides (DMO) have attracted great
attention due to their potential applications in spintronics
devices. In such materials, a room temperature magnetism is
generated by introducing a certain concentration of magnetic
ions such as transition metals. Recently, Nguyen et al. [3]
reported the existence of ground state antiferromagnetic order
in iron-doped zirconia (ZrO2:Fe) films at diluted concentration
(x = 6.25%), from ab initio electronic structure calculations
and experimental investigations, where the samples were
prepared by pulsed laser deposition (PLD) technique. By
fitting the magnetization data to Curie Weiss law, Yu et al. [4]
also reported the presence of AFM order in nanoparticles
of ZrO2:Fe prepared by a coprecipitation method, and its
enhancement with the increase of Fe concentration (from
x = 15% up to 40%). However, the mechanism responsible
for the enhancement of magnetic properties with the increase
of dopant concentration is still lacking.

In the present work, we explore the structural and electronic
properties of ZrO2:Fe for different Fe atomic concentrations x

(from x ∼ 6% up to ∼25%). We used x-ray absorption near-
edge structure (XANES) spectroscopy, both experimentally
and theoretically, to elucidate the magnetic ordering and its
enhancement with the increase of Fe dopant concentration in
this DMO.

This paper is organized as follow. In Sec. II, we give
an overview of experimental framework and present the
experimental XANES spectra at the L2,3, M2,3, and K edges of,
respectively, Fe, Zr, and O. In Sec. III, we detail the theoretical
framework, compare the experimental and theoretical XANES
spectra at the O K-edge with respect to the increase of
Fe dopant concentration and interpret their features in the
pre-edge region using local density of states (DOS). The
conclusion is given in Sec. IV.

II. EXPERIMENTAL APPROACH

A. Experimental technique

Experimentally ZrO2 and ZrO2:Fe thin films were grown
on Si/SiO2 substrates in a flow-type hot wall atomic layer
deposition reactor (ASM F120) starting from β-diketonates
metalorganic precursors, namely Zr(TMHD)4 for Zr and
Fe(TMHD)3 for Fe (TMHD = 2, 2, 6, 6-tetramethyl-3, 5-
heptanedionate). To grant a stable reactivity, Zr precursor was
kept at 170 ◦C, while Fe precursor was maintained at 115 ◦C.
Ozone was used as oxidizing gas in the reaction process.
The film growth was achieved by alternately introducing
the reactants separated by N2 inert gas purging pulses. The
growth temperature was maintained at 350 ◦C and the Fe con-
centration in ZrO2:Fe films was tuned tailoring the Zr/Fe
precursors pulsing ratio. After the deposition, the films were
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annealed at 800 ◦C in N2 flux for 60 s. Film thickness was
monitored by spectroscopic ellipsometry (SE) (Woollam M-
2000 F) and further calculated, along with surface roughness
and electron density, by specular x-ray reflectivity (XRR)
(Italstructure XRD 3000). Film crystallinity was checked
by x-ray diffraction (XRD) at fixed grazing incidence angle
ω = 1◦ and using a CuKα (λ = 0.154 nm) monochromated
and collimated x-ray beam. The film uniform doping along its
thickness was checked by time of flight secondary ion mass
spectrometry (ToF-SIMS) depth profiling using an ION-TOF
IV instrument, with 500 eV Cs+ ions for sputtering and
25 keV Ga+ ions for analysis. Secondary ions were collected in
negative polarity and interlaced mode. The recorded intensities
were normalized to the 30Si intensity in bulk silicon. In these
operating conditions, the instrument depth resolution is below
1 nm. The details of the growth process and the results of
the above mentioned characterization are identical to those we
have reported in our previous works [5–8].

To elucidate the Fe chemical state and concentration in
ZrO2:Fe films, x-ray photoemission (XPS) measurements
were performed on a PHI 5600 instrument equipped with a
monochromatic Al Kα x-ray source (E = 1486.6 eV) and a
concentric hemispherical analyzer. The spectra were collected
at a take-off angle of 45◦ and band-pass energy 11.50 eV. The
instrument resolution is 0.5 eV. X-ray absorption spectroscopy
(XAS) and x-ray magnetic circular dichroism (XMCD) at
the L2,3, M2,3, and K edges of, respectively, Fe, Zr, and O,
were performed at room temperature (RT) and at 30 K at APE
Beamline of the Elettra synchrotron (Trieste, Italy) [9]. The
spectra were acquired in total electron yield (TEY) mode by
recording the drain current, the light was circularly polarized
with 75% of polarization degree, and the beam was impinging
at 45◦ with respect to the surface normal. The XMCD spectra
were measured (i) on samples in their remanence state after
applying a pulsed in-plane magnetic field of about 500 Oe,
(ii) applying a static in-plane magnetic field of about 200 Oe,
and (iii) after a field cooling treatment in an applied in-plane
field of almost 100 Oe. The magnetization direction was
reversed at each point of the XMCD/XAS spectra. Moreover,
in order to avoid possible field asymmetries and systematic
errors, the spectra were measured with opposite photon
helicities. The photon energy resolution was 60 meV for the
Zr M2,3-edge, 100 meV for the O K-edge, and 130 meV for
the Fe L2,3-edge.

B. Experimental results

In this experiment, we measured XAS and XMCD spectra
of ZrO2 thin films doped with different Fe atomic concentra-
tions namely x = 6%, 11%, 15%, 20%, and 24%. The XAS
spectra at the M2,3, K , and L2,3 edges of Zr, O, and Fe,
respectively, for the analyzed samples are reported in Fig. 1.

The Zr 3p edge XAS [Fig. 1(a)] of the films shows two
strong multicomponent bands. The features can be assigned
to the transitions from the Zr 3p to the states 4d (332–334
and 346–348 eV marked with A1,2 and A4,5 in the figure) and
5s (shoulder at 344 eV, marked with A3) [10]. The relative
intensities of the first subpeaks at A1 and A2 suggest that the
samples show mainly the tetragonal structure [11]. However,
only the samples doped with the concentrations x = 6%, 11%,
and 15% of Fe show a clear shoulder A3 indicating that the
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FIG. 1. (Color online) Room temperature XAS spectra recorded
in TEY mode for the different Fe-doped samples: (a) Zr M2,3,
(b) O K , and (c) Fe L2,3 edges.

films with Fe atomic concentration higher than 15% contain a
relatively large amount of the cubic/monoclinic phase.

Figure 1(b) shows the corresponding spectra of the
O K-edge. It is to point out that the incident photon flux
I0 was measured on a grid placed at the experimental chamber
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which was not free from oxygen contamination. However, the
acquired TEY signals are in very good agreement with those
normally reported in literature for oxygen [12–15]. Moreover,
the acquired I0 is not responsible for the relative variations
in the spectra giving us a good confidence for a qualitative
interpretation of the results. The O K-edge spectra can be
divided into two regions. In the energy range 530–534 eV (B2

and B3) the peaks are due to transitions from O 1s to O 2p
state hybridized with the Zr 4d states [16]. The well resolved
shape of these peaks suggests that the samples are crystalline,
moreover, the higher energy peak B3 is very broad in agreement
with the presence of a well ordered tetragonal structure [11,17].
In the energy range above 538 eV, the absorption peaks [B4−6

in Fig. 1(b)] are due to the O 2p states mixed with Zr 5s states.
Increasing the Fe atomic concentration, the peaks broaden,
and for x = 24% at., it is no more possible to resolve the fine
structure. For this Fe concentration, a significant decrease in
intensity of the sharp B3 peak occurs. This can be tentatively
ascribed to the formation of oxygen vacancies which can affect
the surrounding shell of oxygen atoms. In fact, considering that
Fe can have at most a 3+ valence and substitutes a 4+ Zr atom,
oxygen vacancies reasonably form for charge compensation
upon increasing Fe doping. Moreover, at energy lower than
530 eV and for Fe atomic concentration higher than 6%, a
pre-edge B1 peak is present whose relative intensity increases
with increasing the Fe content. This pre-edge peak can be
ascribed to O 2p states hybridized with the Fe 3d states [14,15].
This issue will be extensively discussed later in the theoretical
part of this work.

As for the XAS spectra recorded at the Fe L2,3-edge
[Fig. 1(c)], the well defined peaks C1−4 indicate the presence
of localized states, their relative intensities suggest that the
valence state of Fe is probably a mixture of 2+ and 3+ [18,19].
The pre-edge peak C1 increases in sharpness with increasing
the Fe atomic concentration, suggesting an increase of the
3+ sites. The predominance of 3+ is in agreement with the
formation of a large amount of oxygen vacancies for charge
neutrality. No significant differences were found between
the XAS spectra measured at room temperature (RT) and
at lower temperature (LT) �30 K. XMCD measurements
show no evidence of ferromagnetic (FM) order for all the
analyzed samples both at RT and LT �30 K. Moreover, neither
performing XMCD with an applied field nor performing
XMCD after field cooling, we were able to detect signs of
paramagnetic behavior, thus suggesting the AFM order as the
favorite phase of the system.

From the above results, the most significant change in
the shape of XANES spectra is observed at the O K-edge,
especially in the pre-edge region where the pre-edge peak
appears and increases with Fe atomic concentration. This
behavior could help us to elucidate the enhancement of AFM
interactions with the increase of Fe atomic concentration and
investigate the origin of this pre-edge peak. For this reason,
the theoretical part of this work is focused on the O K-edge
spectra.

III. COMPUTATIONAL APPROACH

First-principles calculations have been performed with
QUANTUM ESPRESSO code [20] using a plane-waves basis

set in the pseudopotential approach and periodic boundary
conditions. We used the ultrasoft pseudopotentials and the
generalized gradient approximation (GGA) in the parametriza-
tion of Perdew, Burke, and Ernzerhof (PBE) [21] for the
exchange-correlation functional.

A. Structural relaxation

A tetragonal supercell of zirconia containing 32 ZrO2 units
(96 atoms) has been used to reproduce experimental data. Each
Zr4+ cation in the supercell is surrounded by 8 O2− anions
divided in two shells [22]. Four oxygen atoms with a shorter-
length Zr-O bond forming a flattened tetrahedron constitute
the first oxygen shell and four other oxygen atoms with a
longer-length Zr-O bond forming an elongated tetrahedron
constitute the second shell. We performed simulations for
different Fe atomic concentrations, namely, 6.25%, 12.5%,
and 25%, obtained by substituting, respectively, two, four,
and eight Zr atoms with an equivalent number of Fe atoms
in tetrahedral coordination. The Fe atoms were placed at
the substitutional Zr sites and kept as far as possible from
each other to mimic uniform doping. As shown previously
in Refs. [6–8], substituting Zr4+ by Fe3+ cations in the
pure zirconia induces oxygen vacancies in order to maintain
charge neutrality. The ratio between oxygen vacancies and Fe
impurities is 0.5, i.e., one vacancy for each Fe pair as required
for Fe3+ oxidation state. This computational model is capable
to reproduce structural and electronic properties of ZrO2:Fe at
different doping concentrations as proved in Refs. [6–8] (see
also Ref. [23] where yttrium, a substitutional impurity with
the same valence of Fe is considered). The oxygen vacancies
induce a disorder in the system, thus the whole structure has
been relaxed by an ab initio energy minimization calculation.
This structural relaxation is performed with the basis set
consisting of plane waves up to a maximal kinetic energy
of 35 and 400 Ry to represent the Kohn-Sham (KS) orbitals
and the charge density, respectively, while the Brillouin zone
is sampled using a Monkhorst-Pack grid 2 × 2 × 2. The
convergence parameters are 10−8 Ry on the total energy of self
consistent cycle and 10−3 Ry/Bohr on the forces for the atomic
relaxation. The spin polarization has been taken into account,
and we found that the antiferromagnetic coupling is the most
stable configuration in comparison to the ferromagnetic one.
We present in Fig. 2 the relaxed structures of ZrO2:Fe for
different Fe atomic concentrations used in our simulations. In
this figure, one can see that Fe atoms remain in tetrahedral
coordination with the surrounding oxygen atoms.

B. XANES calculation

XANES spectra are computed using the XSPECTRA
package [24] included in QUANTUM ESPRESSO. Within DFT
approach, the x-ray absorption cross-section is expressed in
terms of a transition operator coupling the initial and the final
states, which are solutions of KS equations. In the case of
K-edge, the initial state is a core 1s orbital calculated from
an isolated absorbing atom in the absence of a core hole,
while the final state is obtained self-consistently through the
resolution of KS equations for the whole system including core
hole effects in the pseudopotential of the absorbing atom [24].
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FIG. 2. (Color online) Relaxed structures of ZrO2:Fe for different Fe atomic concentrations namely 6.25%, 12.5%, and 25%, respectively,
from left to right. Zr, O, and Fe atoms are, respectively, in gray, green, and red colors.

Within the pseudopotential approach, the final all-electron
wave function is reconstructed from the pseudowave function
by means of projector augmented wave (PAW) method [25].
The experimental sample used in this work has no preferential
orientation, hence, the isotropic cross section has been consid-
ered ideal to reproduce the experimental XANES spectra. For
a general symmetry, the isotropic electric dipole cross-section
is obtained by a linear combination of three cross sections
calculated along three perpendicular directions of polarization
namely σ (0,0) = 1

3 (σxx + σyy + σzz) [26]. In the practice, the
cross-section is calculated as follows: first, the charge density
is obtained through a DFT calculation with a 1s core-hole on
the absorbing oxygen atom, and the cross-section is finally
calculated for a given polarization direction using the Lanczos
method and the continued fraction [27]. This approach does
not require an explicit calculation of empty states and is
very fast since only the charge density is needed [24]. The
supercell consisting of 96 atoms (few less when the doping
concentration increases) is assumed to be large enough to avoid
the interaction between periodic images of the absorbing atom.
For convergence reasons, the cutoff energies of KS orbitals and
the charge density are increased, respectively, to 50 and 500 Ry
while the k-point mesh is kept unchanged. A Lorentzian
convolution with a variable broadening parameter γ has been
applied in the continued fraction. For this purpose, we used
γ = 0.3 eV up to 1.5 eV photon energy and γ = 0.8 eV from
10 eV photon energy, with a linear variation in the intermediate
photon range.

C. First-principles results

We performed simulations for different Fe atomic concen-
trations by starting with pure zirconia, i.e., x = 0%. In this
case, the XANES spectrum is needed only for one oxygen
site since all the oxygen atoms are equivalent. The resulting
spectrum is presented in Fig. 3(a) where the Fermi level is
considered as zero energy in the plot.

To investigate the effect of Fe doping on pure zirconia, we
start with the lowest Fe atomic concentration (x = 6.25%). At
this concentration, the average distance between Fe impurities
is large enough (d ∼ 9 Å) to minimize the interactions between
two Fe atoms. This allows us to elucidate the effect of one
Fe atom on its local environment (nearest oxygen atoms) with
a minimal influence from Fe neighbors. The disorder caused
by the substitution of Zr atoms with the Fe ones implies that

the O K-edge XANES spectrum results from the average of
the contributions coming from all the oxygen atoms in the
supercell. The resulting O K-edge spectrum [Fig. 3(a)] shows
a shift of about −1.5 eV of the whole spectrum and a change
in the intensities of the peaks in comparison with the case of
pure zirconia. The most marked difference between the two
spectra occurs in the pre-edge region, where a pre-edge peak
appears in the energy range between 0 and 1.43 eV.

For a deep understanding of the origin of this pre-edge
peak, we consider one absorbing oxygen atom located in the
first shell around one iron atom with spin-down polarization.
For these two atoms, we have plotted the Löwdin projected
density of states (PDOS) presented in Fig. 3(c). The PDOS
analysis shows a strong hybridization between the unoccupied
Fe 3d up-spin states and 2p up-spin states of the absorbing
atom. Taking into account the spin-polarization, the O K-
edge spectrum can be separated in spin-up and spin-down
polarizations. The spin-resolved dipolar spectrum is presented
in Fig. 3(b) and shows that the pre-edge peak is mainly
due to the contribution of the up-spin polarized component
of the spectrum. Thus the pre-edge peak is due to dipole
transitions from O 1s to O 2p up-spin states hybridized with the
unoccupied Fe 3d up-spin states. A similar conclusion has been
done previously in the case of perovskite- alloy LaBO3:Ga
(B = Fe, Mn) by an ab initio method based on multiple
scattering theory using cluster model [28]. The above results
suggest that Fe3+ with a valence orbital 3d5 in tetrahedral
coordination is in high spin polarization with an electron
configuration e2

gt
3
2g according to ligand field theory [29–31].

In this case, eg and t2g orbitals participate together to the
transitions that occur in the pre-edge region [see Figs. 3(b)
and 3(c)].

Moreover, our theoretical results reveal the increase of the
pre-edge peak when the Fe atomic concentration increases
[see Fig. 4(a)]. This behavior is in perfect agreement with
our experimental results presented in Fig. 1(b). Note that the
absorption peak B2 in Fig. 4(a) for each Fe concentration is
set to 531.18 eV in order to make a direct comparison with the
experimental results. To have a clear picture of this effect, let
first consider three oxygen atoms located, respectively, in the
first, second, and third shell around one Fe atom in the case of
x = 6.25%. We observe that the pre-edge peak is maximum
when the oxygen atom is located in the first shell, almost
negligible in the second, and disappears completely in the third
shell where the spectrum feature is close to the case of pure
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down polarized Fe atom. (c) Löwdin DOS projected, respectively, on
the 2p orbital of the absorbing oxygen atom and 3d orbital of the
nearest Fe. The hatched areas in (c) show the PDOS peaks responsible
for the pre-edge peak marked as hatched area in (b).

-5 0 5 10 15 20 25 30 35 40
Photon Energy [eV]

A
bs

or
pt

io
n 

(a
rb

. u
ni

ts
)

oxygen atom   ∋1st 
shell

oxygen atom   ∋2nd
 shell

oxygen atom   ∋3rd
 shell

pure zirconia

O K-edge   /    x=6.25%(b)

525 530 535 540 545 550 555 560
Photon Energy [eV]

A
bs

or
pt

io
n 

(a
rb

. u
ni

ts
)

0 at. % Fe
6.25 at. % Fe
12.5 at. % Fe
25 at. % Fe

B
1

B
2 B

3
B

4
B

5
B

6

O K-edge
(a)

-5 0 5 10 15 20 25 30 35 40
Photon Energy [eV]

A
bs

or
pt

io
n 

(a
rb

. u
ni

ts
)

1
st
shell at. 6.25% of Fe

2
nd

shell at. 6.25% of Fe

1
st
shell at. 12.5% of Fe

2
nd

shell at. 12.5% of Fe

2
nd

shell at. 25% of Fe

1
st
shell  at. 25% of Fe

O K-edge   /   mean contributions per shel l(c)

FIG. 4. (Color online) (a) Evolution of O K-edge XANES spec-
trum with respect to iron concentration. The absorption peaks B2

are set to 531.18 eV in order to make a direct comparison with the
experimental results. (b) shows that the pre-edge peak originates
mainly from the first oxygen shell around the iron atom and a
small contribution coming from the second oxygen shell. (c) The
mean contributions of the two first oxygen shells in the O K-edge
spectra.

205201-5



D. H. DOUMA et al. PHYSICAL REVIEW B 90, 205201 (2014)

TABLE I. Total numbers of different types of atoms in the simu-
lation supercells (nO, nFe, and nZr) for each doping concentration and
the corresponding numbers of oxygen atoms per shell contributing in
the O K-edge XANES spectra.

Fe % nO nFe nZr 1st shell 2nd shell shells > 2

6.25% 63 O 2 Fe 30 Zr 8 O 7 O 48 O
12.5% 62 O 4 Fe 28 Zr 16 O 14 O 32 O
25% 60 O 8 Fe 24 Zr 32 O 28 O 0 O

zirconia [see Fig. 4(b)]. This behavior shows that the effect of
Fe atoms on the pre-edge region is mainly localized in the first
oxygen shell and disappears as one moves far from it.

Let now consider two groups of absorbing atoms, the first
one constituted by the oxygen atoms located in the first shell
and the second one with the oxygen atoms located in the second
shell, in the cases of x = 6.25%, 12.5%, and 25%. For each of
these three Fe atomic concentrations, we present in Fig. 4(c)
the mean contributions of the two oxygen shells in the O
K-edge XANES spectrum. In spite of the difference in the
number of oxygen atoms located in the two first shells of these
three concentrations (see Table I), their mean contributions in
the pre-edge region are quite similar.

From the above observations, it is clear that at high doping
concentration, the intensity of the pre-edge peak is mostly
dictated by the first oxygen shell, while the low doping
concentration is mostly affected by the shells of order higher
than two, which lower the intensity of the pre-edge peak
in the average spectrum. Thus the increase of the pre-edge
peak with increasing Fe atomic concentration is related to the
increase of oxygen atoms located in the first shell (nearest
neighbours to Fe atoms) associated to the decrease of oxygen
atoms located in the shells of order higher than two (see
Table I), which contribute less on the pre-edge peak, since the O
K-edge spectrum for each doping concentration is calculated
by averaging the contributions of all the oxygen atoms in the
system. The agreement between theoretical and experimental
XANES data provides further assessment of the validity of
the structural model used in the present and previous [6–8]

simulations. According to this simulation model, the increase
of Fe atomic concentration increases the unpaired Fe 3d

states and oxygen vacancies in the sample, which have as
a consequence the improvement of AFM interaction between
Fe3+ ions as observed experimentally by Yu et al. [4] in the
case of ZrO2:Fe nanoparticles prepared by a coprecipitation
method.

In this work, iron atoms are considered in oxidation state
Fe3+. However, we expect that the results we found concerning
the origin of the pre-edge peak and its increasing with Fe
atomic concentration should be qualitatively valid in the case
of Fe2+ since this latter also contains 3d unoccupied states.

IV. CONCLUSION

We have investigated the Fe doping effect on zirconia films
by mean of XANES spectroscopy both experimentally and
theoretically. Considering that Fe atoms are uniformly dis-
tributed in the sample, our theoretical investigations revealed
the formation of an AFM ground state in agreement with
experimental results. The pre-edge peak has not been observed
on the K-edge of oxygen atoms belonging to the shells of
order higher than two, which shows its local character. We
demonstrated that the increase of this O K-pre-edge peak with
Fe atomic concentration is due to the increase of percentage of
atoms that are near neighbors to Fe atoms. This increase of Fe
3d unpaired states (i.e., spin polarized) in the system and the
increase of oxygen vacancies (at a rate of 0.5 oxygen vacancy
per Fe atom according to the structural model that we used)
can be responsible for the magnetic behavior of ZrO2:Fe.
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