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a b s t r a c t

The samples with the CaFe2O4-type crystal structure were obtained by the solid-state reaction method at
1000 �C in the air and the helium atmosphere for the first time. We investigated the modification of the
structural and electronic properties of the obtained samples. M€ossbauer, XAFS-, XPS-spectroscopies, and
dc-, ac-conductivity measurements were carried out. M€ossbauer and XAFS-spectroscopies showed that
the local environment of Fe and Ca cations does not change in the case of the inert atmosphere synthesis.
Nevertheless, a sharp six-order increase in the electrical resistance observed at room temperature for the
sample obtained in the in the helium atmosphere. Moreover, calculated from dc-conductivity data
activation energy rises from 0.327 for the air-synthesized sample to 0.585 eV for helium-obtained one.
This behavior indicates significant modification of in-band-gap energy structure, which correlated with
thermally activated charge carriers. Our ac-conductivity measurements in the frequency range of 1 kHz
e2 MHz for the CaFe2O4 obtained in the air showed the presence of defect levels in the energy band
structure. Oxygen pressure reduction during the synthesis results in levels vanishing. Therefore, we
suppose the key role of oxygen atoms in the transport properties of the material, which is indirectly
confirmed by XPS data. In prospect, CaFe2O4 can be used in promising gas analyzers.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Some materials with a spinel-type structure under the high
hydrostatic pressure transforms into the orthorhombic CaFe2O4-
type crystal structure [1,2]. Such transition accompanied by abrupt
electronic properties change. For example, LiMn2O4 spinel-to-
CaFe2O4-structure deformation leads to the activation energy
reduce from 0.40 to 0.27 eV [1]. It was found that the transition to
the orthorhombic CaFe2O4-type structure increases the hopping
mobility of such materials. Therefore, a practical application of
spinels could be expanded by the high-pressure technique appli-
cation. Another way to obtain materials with the CaFe2O4-type
nyazev), taras@iph.krasn.ru
).
crystal structure is the using of alkaline earth metals with a large
ionic radius (>1.0 Å) as substituting cations in ferrites (for example,
Ca, Ba, Sr). Due to the huge chemical pressure, spinel unit cell
transforms into the crystal structure with the orthorhombic syng-
ony (space group Pnam) [3e5]. After this transition, Fe3þ occupies
only octahedral crystallographic sites, while alkaline cations with
2þ valence state have a dodecahedral environment with an oxygen
coordination number of eight. In the latter papers, much attention
is paid to the electronic properties of Ca-ferrite [6e8]. It was shown
that calcium ferrite is a p-type semiconductor, and has a rather
large specific resistance (~102e103 U∙cm) [7,9,10].

Study of lattice oxygen mobility in CaFe2O4 was carried out in
Refs. [7,8,11]. These results suggest that Ca-ferrite and composites
based on it could be promising functional materials. For example, as
oxygen carriers for producing syngas, biofuels [12,13], in semi-
conductor devices [14,15] and as highly sensitive oxygen and ozone
gas analyzers due to the high activity of the surface [16]. A pen
junction can be formed with ZnO and WO3 oxides that give the
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prospect of their application as solar energy conversion devices
[14,15]. Recently, the possibility of using semiconductor CaFe2O4
nanorods as an effective reducing agent for organic pollutants was
demonstrated [17]. Biocompatibility of the nanocrystalline CaFe2O4
makes it possible for biomedical application [18,19]. One of the
biomedical engineering achievements was reported in a recent
paper [20]. The authors produced a novel electrochemical sensor
from sonochemically prepared ferrite clusters of CaFe2O4 and a
modified carbon screen-printing electrode. This sensor showed
high sensitivity and selectivity for detecting trace amounts of ni-
trides in food.

Oxygen nonstoichiometry and ionic conductivity of CaFe2O4-
based membranes depend on surface processes, unlike garnets
[21]. One of the advantages of gas sensors based on materials with
p-type conductivity is low dependence on atmospheric humidity,
as well as the ability to absorb higher concentrations of oxygen
[22]. Thereby, the problem of the electronic properties in-
vestigations of the Ca-ferrite at various oxygen partial pressures
becomes an urgent task. To the extent of our knowledge, the
transport properties of CaFe2O4 were studied only in the high-
temperature range [7,8]. In these conditions, the Fermi level lies
near the middle of the bandgap, so the shallow impurity levels
energy could not be estimated. Measurements of the ac-conduc-
tivity of semiconductors at the low temperatures allow us to
determine the impurity levels’ energy because the Fermi level be-
comes near to the impurity level [23].

In this work, solid-phase synthesis was used to obtain CaFe2O4

samples without any significant impurity of other crystal phases.
Samples were annealed in an atmosphere with a wide range of
oxygen partial pressure to study the effect of electronic properties
changes by using M€ossbauer, XPS-, XAFS-spectroscopies at room
temperature, as well as dc- and ac-conductivity measurements in
the 77e300 K temperature range.

2. Samples and experimental methods

We used a high purity Fe2O3 (heavy metals (Cu, Co, Sb)
impurities < 5.0$10�3 wt. %) and purity CaO (heavy metals
impurities < 1.0$10�2 wt. %) oxides to synthesize СaFe2O4 samples.
The Fe2O3 content was thoroughly controlled on 74 wt. % of the
total reagents’ mass, according to the CaOeFe2O3 phase diagram.
Reagents in thementioned proportions weremixed in a ball mill for
an hour. The obtained powder was pressed under a pressure of
346 MPa (with an exposure of 1.5e3 min) into pellets with a
diameter of 17mm and a thickness of 1e2mm. The obtained pellets
were annealed at 1000 �C for 4 h in the air (sample 57), in the
helium atmosphere (helium content of 99.995 vol %) with a partial
pressure of oxygen of 10�5 kPa (sample 57e1) and in the addi-
tionally cleaned helium through the system RMSH-2 (Agilent
Technologies, USA) (sample 57e2). Calcinationwas carried out in the
isothermal zone of the tubular muffle furnace. To create a helium
atmosphere, the furnace quartz pipe was closed from two sides
with the possibility of input and output of gas. A helium flow
passed through a pipe during annealing. At the output, the gas was
discharged through a pipe 3 mm in diameter, 1.5 m long through a
water valve. After annealing, all samples were cooled to room
temperature with the furnace turned off regime (~8 �C/min).

The quantitative X-ray phase analysis was performed by X’Pert
Pro MPD powder X-ray diffractometer (PANalytical, Netherlands)
with PIXcel solid-state detector and a secondary graphite mono-
chromator for CoKa-radiation. The crystal structure parameters
were determined and refined using the full-profile Rietveld
approach by the derivative difference minimization (DDM) method
[24].

The transport properties studies were carried out using the four-
contact method on the original installation in the temperature
range 77e300 K with alternating current in the frequency range
from 20 Hz to 2 MHz using an E4980A (Agilent) LCR-meter and with
direct current using SourceMeter 2634B (Keithley) and Model 6517B
(Keithley) [25,26]. For conductivity measurements, we prepared
samples of 4 � 4 � 1 mm3 in size. Well-conductive contacts were
deposited with silver epoxy adhesive H20S (Epotek).

M€ossbauer spectra of the samples were measured using stan-
dard MS1104Em spectrometer in the constant acceleration mode
with the 512-channels detector. A mobile source of 57Co(Rh)
gamma-ray photons was at room temperature. Experimental
samples were fixed in a polymer iron-free holder so that the sample
was perpendicular to the propagation direction of gamma rays.
Interpretation of the spectra was performed in two stages. At the
first stage, we determined the probability distribution of quadru-
pole splitting P(QS) in the spectrum. Such calculation gives possible
nonequivalent iron positions in the samples.

To perform the P(QS) calculation, the experimental spectrum
was filled by a number of doublets with Lorentzian line-form and
natural line-width (W ¼ 0.24 mm/s for 57Co(Rh) source) and QS
with the step D ¼ 0.01 mm/s (in our case, from 0.00 mm/s to
1.0 mm/s). Then, the isomer shift and intensity of M€ossbauer lines
were varied. As a result, we obtained the set of the intensities
corresponding to each doublet in our series. These data conform to
the probability of each doublet existence in the experimental
spectrum.

Then, based on these calculations, we formed a preliminary
spectrum. It is contained a set of M€ossbauer doublets, corre-
sponding to possible nonequivalent positions and modeling as a
group of the analytical functions. This group was fitted to the
experimental spectrum by varying the entire set of hyperfine pa-
rameters using the least-squares method in the linear approxima-
tion (c2 criterion). M€ossbauer absorption lines were represented by
the pseudo-Voight function, following the equation

I¼ I

 
k

ð1þ xiÞ2
þð1�kÞ , e�ln 2,x2i
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Here, xi ¼ 2,
�
IS�i
W

�
, i e is a channel number. I, IS and W are hy-

perfine parameters (line intensity, Isomer shift and line-width,
respectively), k e is the Lorentz-Gauss parameter, which de-
termines the absorption line form. In our case the approximation of
the Lorentz form was used, i.e. k ¼ 1.

X-ray absorption fine structure (XAFS) spectra in the near
(XANES) and extended (EXAFS) regions at the Fe K-edge were
recorded in the transmission mode at room temperature at the
Structural Materials Science beamline (National Research Center
“Kurchatov Institute”, Moscow). For the selection of the primary
beam photon energy, Si(111) channel-cut monochromator was
employed, which provided an energy resolution of DE/E ~ 2,10�4.
TheDE scanning stepwas about 0.4 eV and 0.5 eV in the XANES- and
EXAFS-region, respectively. Scanning in the EXAFS-region was car-
ried out at a constant step on the photoelectronwave number scale
with k ¼ 0.05 Å�1. Signal accumulation time was 4 s per each point.
The EXAFS-spectra were normalized to an edge jump and the ab-
sorption coefficient of the isolated atoms. After subtraction of the
smooth atomic background, the conversion from E to k scale was
performed. The k2-weighted EXAFS function was calculated in the
intervals k ¼ 2e12 Å�1 using the Kaiser-Bessel window. The EXAFS
structural analysis was performed using theoretical phases and
amplitudes as calculated by FEFF-8 package, and the experimental
data fitting was carried out in the R-space with the IFFEFIT software
package [27,28].



Table 1
Unit cell parameters of the samples obtained by X-ray diffraction.

Sample a, Å b, Å c, Å V, Å3

57 9.2257 3.0201 10.6995 298.112
57e1 9.2271 3.0192 10.6999 298.083
57e2 9.2264 3.0192 10.6995 298.049
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X-ray photoelectron spectra (XPS-spectra) were obtained using
the ES-300 photoelectron spectrometer (KRATOS Analytical). The
anode voltage and emission current of the X-ray tube were 13 kV
and 13 mA, respectively. The electrostatic analyzer was operated in
the constant pass energy transmission regime. Samples were pre-
cleaned by an argon gun for the layer-by-layer analysis of the sur-
face in the preparation chamber. Then the samples were moved
into the analyzer chamber using a standard metallic holder. A well-
conductive adhesive tape provided the electrical contact of the
sample with the metal holder. This method of sample deposition
did not create any impurities under the X-ray beam action at room
temperature. Spectrometer calibration was performed using bulk
gold (Au4f7/2) and copper (Cu2p3/2) photoelectron lines with the
binding energy values of 84.0 and 932.7 eV, respectively. The
spectra calibration was made relatively C1s peak from carbon ad-
mixtures on the oxide surfaces using reference binding energy
285.0 eV.
3. Results and discussion

3.1. X-ray diffraction and M€ossbauer spectroscopy

The room temperature X-ray patterns of the samples are shown
in Fig. 1. All patterns demonstrate peaks at the same angle q, cor-
responding to the CaFe2O4 crystal structure. According to the X-ray
difference spectrum (see curve 3 for sample 57 in Fig.1), all samples
exhibit only one crystallographic phase of CaFe2O4 with a small
admixture of 1% of the hematite. This well agrees with the phase
diagram of the CaOeFe2O3 system [29]. The CaFe2O4 crystal struc-
ture is orthorhombic with the space group Pnam. Unit cell param-
eters and volume for all samples are shown in Table 1. These values
are consistent with the previous data [4,7,8]. It is seen that the unit
cell volume is slightly decreasing for samples obtained in the he-
lium atmosphere. The crystal structure of the Ca-ferrite has two
nonequivalent crystallographic iron sites with quite a different
distortion degree of the oxygen octahedrons around the Fe-atoms
(Fe1 and Fe2 inset of Fig. 1) [4,7]. The Fe1 site is substantially
more distorted than the Fe2 one [7,8]. The changes of these dis-
tortions for samples 57, 57e1 and 57e2 were studied byM€ossbauer
effect measurements at room temperature in detail.

The M€ossbauer spectra of the samples and calculated
Fig. 1. Room temperature X-ray diffraction pattern of the samples. Experimental
patterns for sample 57 (1a), 57e1 (1b) and 57e2 (1c). Calculated (2) pattern and the
difference curve (3) are shown for sample 57. The inset shows the crystallographic unit
cell of CaFe2O4.
quadrupole splitting distribution P(QS) are shown in Fig. 2. The
probability distribution of quadrupole splitting P(QS) clearly shows
two well-separated peaks for all samples, which correspond to the
two nonequivalent iron sites (Fe1 and Fe2) in the Ca-ferrite crystal
structure mentioned above. The inert atmosphere synthesis does
not lead to defective iron sites formation. In other words, CaFe2O4
demonstrates a stable local atomic structure that is in agreement
with the data of [7]. However, we observed a change of the peak’s
symmetry (mainly for Fe2) which indirectly indicates variations in
the iron local atomic structure and crystallographic distortions in
the vicinity of iron atoms.

M€ossbauer spectra demonstrate a combination of two quadru-
pole doublets with the parameters collected in Table 2. Isomer shift
(IS) values over all samples are almost constant and correspond to
octahedrally coordinated Fe3þ state in both nonequivalent posi-
tions. There is no evidence of other charge states of iron. Because of
it and the electroneutrality principle, we can say, that Ca cations
must have 2þ valence state. Therefore, synthesis in the helium
atmosphere does not affect the electron density and oxygen coor-
dination of the iron. The stability of the iron isomer shift value
reveals that the metal-oxygen bond lengths are constant and
manifests in the valence stability of the Ca cations. Moreover, it is
clear that the lattice oxygen loses are absent in our synthesis
conditions.

The distortions of the local atomic structure around the
M€ossbauer nuclei is the origin of the quadrupole splitting of the
M€ossbauer doublet. The local distortions arise from the crystalline
field asymmetry; the asymmetry degree is determined by the
electric field gradient (EFG) value. Such dependence represented by
the following equation of the quadrupole splitting (DEQ ):

DEQ ¼ e
4
Q,Vzz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h2

3

s

Here, Q is the quadrupole moment of the iron nucleus, Vzz is the
main component of the electric field gradient tensor, h is the
asymmetry parameter of the EFG tensor. Since the Q is the con-
stant, the main component of EFG Vzz only affects the quadrupole
splitting of the M€ossbauer doublets. In such an approach, we
estimated the relationship between the EFG value in Fe1 and Fe2
positions. EFG value of the Fe1 is about 2.5 times higher than in
Fe2 sites.

Despite the above-mentioned lattice oxygen stoichiometry,
M€ossbauer parameters in Table 2 (see “Area” column) demonstrate
a presence of the iron vacancies in all samples with the CaFe2O4
crystal structure [8,30]. The difference of the doublet area equals 8%
for samples obtained both in the air and helium atmosphere. Be-
sides, a slight rise of the line-width (W) for Fe2 sites (Table 2) is
observed. Regardless of the synthesis conditions, the number of
vacancies has a constant value and evidence of the high stability of
Ca-ferrite structure. Taking into account our P(QS) data, we may
note a very slight effect of the inert atmosphere conditions on the
local symmetry of the iron. Therefore, the local environment of iron
atoms depends on the inert atmosphere synthesis only within the
M€ossbauer line-width limits that could be varies in the range of
~10�7 eV.



Fig. 2. (a) M€ossbauer experimental spectra shown by dots, the fitting indicated by the solid lines. The filled patterns show the doublets of the Fe1 (red) and Fe2 (blue) positions of
iron. (b) The distribution of quadrupole splitting P(QS) probabilities shown by the empty circles (with the step of 0.01 mm/s). The solid lines show the approximation of the
calculated data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
M€ossbauer parameters of CaFe2O4. IS is the chemical isomeric shift relative to a-Fe, QS is the quadrupole splitting, W is the width of the M€ossbauer line at half-height, Area
designates the relative occupancy of the position.

Sample IS, mm/s ±0.005 QS, mm/s ±0.02 W, mm/s ±0.02 Area, ±0.03 Position

57 0.368 0.73 0.29 0.54 Fe1
0.367 0.29 0.27 0.46 Fe2

57e1 0.368 0.73 0.29 0.54 Fe1
0.367 0.29 0.28 0.46 Fe2

57e2 0.367 0.73 0.29 0.54 Fe1
0.365 0.29 0.31 0.46 Fe2

Fig. 3. Normalized XANES-spectra of the samples measured at the Fe K-edge at room
temperature. Inset: Fourier-transforms obtained from the EXAFS-spectra.
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3.2. XAFS (XANES and EXAFS) spectroscopy

The normalized XANES-spectra of the samples measured at
room temperature at the Fe K-edge is presented in Fig. 3. For all
spectra, there are main features: the electronic transition from the
iron 1s ground state to subbands constructed from hybridized
Fe(3d)-O(2p)-Fe(4p) states (A feature) near the bottom conduction
band and to bands with the dominant Fe(4p) nature hybridized
with the states O(2p) (peaks B and C). The pre-edge feature A in the
range of 7110e7118 eV corresponds to the 1s/3d transition, which
is forbidden in the dipole approximation). This transitionmanifest s
itself due to the d/p orbital mixing. The shape and intensity of the
pre-edge feature correlate with the distortion degree of the coor-
dination octahedron and are an indicator of the Fe3þ ion in low-
symmetric configurations.

The energy of the center of the 1s/3d transition (feature A) for
all samples is similar and indicates that the iron formal charge state
is close to 3þ, which is in agreement with our M€ossbauer data. The
spectral peak C at 7132 eV corresponds to the dipole-resolved main
transition 1s/4р for Fe3þ. In the XANES spectra, a shoulder is
observed near 7122 eV (feature B). This feature is related to the
charge transfer process from the ligand to the Fe-cation. This pro-
cess is accompanied by a multielectron transition 1s3dnþ14p1L1

with charge transfer from the ligand to the levels of Fe(3d). These



Fig. 4. (a) Measured temperature dependence of the resistance of the CaFe2O4 samples. (b) The temperature dependences of conductivity in the logarithmic scale and, for
comparison, the results of Tsipis et al. [7] are shown. The vertical line indicates the room temperature region.

Fig. 5. Temperature dependence of the active resistance at different frequencies of
alternating current. The inset shows selected frequencies of ac-resistance. Arrows
indicate the positions of the peaks and tails.
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transitions are lower in energy than the main transition, and their
intensity depends on the covalence degree of this site. It is
important to note that the direct overlap between Fe(3d) orbitals is
small, and O(2p) oxygen orbitals, which directly participate in in-
direct exchange interaction, can contribute to O(2p) / Fe(3d)
transitions with charge transfer. The XANES and EXAFS spectra of all
samples are similar in shape and practically do not demonstrate
differences in the intensity and energy position of the spectral
features. Thus, similar coordination of iron ions for all samples is
observed, which confirms M€ossbauer data.

3.3. Conductivity study and XPS

A general view of the R(T) dependence of the samples is typical
for ferrites [31] and shown in Fig. 4a. The typical temperature
behavior for semiconductors is observed. However, the resistance
reaches high values already at room temperature (especially for
samples 57e1 and 57e2) and rises with temperature decrease. At
the same time, sample 57e1 reveals a kink on the R(T) curve in the
vicinity of 230 K. This may indicate an additional transport mech-
anism below 220 K. Unfortunately, for the 57e1 and 57-2 samples
below the temperature of 200 K measurements cannot be per-
formed, due to the extremely high resistance (~1016 U).

All curves well obey the linear law in the Arrhenius coordinates,
which indicates a thermal activation type of conductivity. It is
clearly seen from Fig. 4b, that Ca-ferrite dc-conductivity becomes
six-order smaller in the case of the inert atmosphere synthesis.
Decrease of the partial oxygen pressure gives the rise of the acti-
vation energy (EA) value from 0.327 eV for sample 57 (obtained in
the air) to 0.525 eV and 0.585 eV for samples 57e1 and 57e2,
respectively. Since CaFe2O4 dielectric gap width is about 1.9 eV [32],
EA values could be interpreted as the energy of defects/impurity
levels or subzones, which localized in the forbidden band. At high
enough temperature the localized charge carriers from such de-
fects/impurity levels transfers to conduction or valance band
(electrons or holes, respectively) and starts to participate in the
charge transport process. Generally, the formation of the levels in
the forbidden zone associated with oxygen defects in a crystal
lattice [7,8].

Our measurements show that the activation energy value of the
sample 57 correlates with the data obtained by V. V. Kharton [8].
According to this paper, the Ca-ferrite activation energy is 0.24 eV
in the temperature range of 650e920 K and 0.35 eV in the range of
920e1170 K. Such values are consistent for other spinels with the
alkaline cations, for example, MgFe2O4 [33]. The EA values for the
samples 57e1 and 57e2 correlate with the high-temperature
activation energy (0.52 eV) obtained in the range of 1190e1270 K
[8].

To refine the transport mechanisms, we measured ac-resistance
in the temperature range of 77e300 K. Our approach makes it
possible to determine the EA in the high-resistance region, where
dc-resistance cannot be measured due to instrumental limits. Fig. 5
shows the temperature dependences of the real part of the



Fig. 6. Temperature dependence of the position of the peak TP on the frequency f for
three samples. A solid line shows the linear approximation.

Table 3
Chemical elements content in the samples according to the XPS data.

Sample Concentration, at. %

CP C(CO3) OP O(CO3) Fe CaP Ca(CO3) Na

57 2.82 0.24 3.79 0.72 1.00 0.46 0.24 0.11
57e1 1.74 0.23 3.19 0.70 1.00 0.39 0.23 0.10
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impedance (active resistance) at different frequencies of alternating
current (from 1 kHz to 2 MHz) for three samples. For the sample 57,
one can see the pronounced peak, which temperature (TP) depends
on the current frequency. We obtained the activation energy [23]
from ln(f) of 1000/TP dependence (Fig. 6), as the slope angle of the
straight line. From this view, EA amounted of 0.327 eV for the 57
sample, which exactly coincides with the value calculated by dc-
measurements.

Both ac-dependencies for samples 57e1 and 57e2 indicate one
Fig. 7. XPS-spectra of the O1s line obtained for CaFe2O4 sample (57) and obtained in the ine
shown.
peak and two “tails of the peak”, which could not be distinguished
in the available temperature range. The high-temperature “tail”
most likely corresponds to EA ¼ 0.525 eV and EA ¼ 0.585 eV, ob-
tained from dc-data analysis. The calculation for the main peak
gives energy about 0.1 eV for both samples (Fig. 6), but the energy
of the low-temperature “tail” cannot be estimated. Nevertheless, it
can be assumed that at least three types of charge carriers with
different activation energies are present in the samples obtained
the helium atmosphere. It should be noted that the main contri-
bution to the conductivity comes from charge carriers activated
from levels with EA ¼ 0.525 eV, revealed from the dc-resistance.
Consequently, in the forbidden band the localized levels with the
energy of 0.525 eV have a higher concentration and could define
the transport properties of CaFe2O4.

To clarify the key role of oxygen atoms in the conductivity
process, we carried out the measurements of X-ray photoelectron
spectra of the samples 57 and 57e1 in the range of 0e1150 eV.
Table 3 represents XPS data of all observed impurities on the
samples’ surface. These elements were registered in the regime of
the accurate accumulation of the narrow energy regions. In such an
analysis, we used areas under the curve that corresponds to
observed chemical elements on the surface. Our data show that
such concentrations are too small to make an abrupt change of the
conduction properties. Moreover, overall impurities are almost
equal for both samples. Therefore, observed abrupt conductivity
decline and activation energy rise are the phenomena appropriated
to the samples itself.

The representative spectra in the range of oxygen binding en-
ergy for samples 57 and 57e1 are shown in Fig. 7. We performed
the curve-fitting analysis using Lorentz-Gauss approximation to
decompose integral of the O1s lines. For quantitative analysis, the
areas under the corresponding peaks and atomic sensitivity factors
given in the literature [34,35] were used.

The spectra of the O1s lines for both samples demonstrate three
oxygen states with the binding energy E(O1s) ~ 529, 531 and
~532 eV. The state with the E ~529 eV refers to the lattice oxygen
(OI). Two other states with the binding energy of 531 eV and
~532 eV can be attributed to oxygen states induced by vacancies
(OII) and interstitial oxygen (OIII), respectively [36,37]. As it is seen
from Fig. 7, inert atmosphere synthesis results in the slight decrease
rt atmosphere sample (57e1). Three oxygen states with different binding energies are



Table 4
Relative concentrations of oxygen states (species) of 57 and 57-1 samples.

Sample Intensity Ratio

OII þ OIII/OI OII/OI OIII/OI

57 1.11 0.40 0.71
57e1 1.07 0.46 0.61
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of the binding energy for all oxygen species. Therefore, a helium
atmosphere synthesis leads to some ionization of the cation-
oxygen bonds. The quantitative analysis shows two noticeable
features in comparison to the O1s spectra of these samples. First,
following data of Table 4, synthesis in an inert ambient decreases
the concentration of oxygen species bound to the defects of the
lattice (OII and OIII) relatively to OI lattice oxygen. Also, we observe
the lattice oxygen (OI) concentration rise compared with other
oxygen states. Second, the strong oxygen redistribution between all
three forms is observed, with the redistribution between oxygen
forms II and III is expressed most strongly. The observed behavior
indicates the defect vanishing in the case of inert atmosphere
synthesis.

Taking into account our transport measurements, we assumed
that sample 57 reveals an oxygen deficiency, and these defects form
levels with EA ¼ 0.327 eV. The synthesis in the helium atmosphere
leads to oxygen redistribution. As a result, the concentration of
defective oxygen states (interstitial and vacant) correlates with
electronic transport in CaFe2O4. Therefore, that, the synthesis in the
helium atmosphere leads to the electronic structure change, which
we refer to as losses of the oxygen interstitial or vacancy atoms.

4. Conclusion

Our M€ossbauer and XAFS-spectra indicate that the ortho-
rhombic CaFe2O4-type crystal structure is stable in low-oxygen
pressure synthesis. Transport measurements show a key role of
the oxygen atoms in the charge carriers’ formation in CaFe2O4. An
inert atmosphere synthesis results in the abrupt increase of the
resistance by six orders at room temperature. A lattice oxygen
deficiency decreases in the helium atmosphere synthesis. Because
of it, CaFe2O4 reveals the charge localization and the activation
energy rise almost twice (from 0.327 eV to 0.585 eV). We associate
localized level with EA ¼ 0.327 eV (CaFe2O4 obtained in the air)
with the defective (vacancy or interstitial) oxygen. The significant
decrease in the concentration of such levels reveals in the helium
atmosphere synthesis used. Therefore, oxygen pressure reduction
during the synthesis leads to partially removing the defective
interstitial oxygen. This does not lead to a change in the charge
state of the Ca and Fe cations, but drastically affects the transport
properties of the material. Such an effect can be explained by the
electron displacement over the chemical bond MeeO and the
appearance of temporary electric charges.
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