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Abstract

Anastasia Sklyarova
HYPERFINE INTERACTIONS IN THE NEW Fe-BASED SUPERCONDUCTING STRUC-
TURES AND RELATED MAGNETIC PHASES
Lappeenranta, 2015
72 p.
Acta Universitatis Lappeenrantaensis 628
Diss. Lappeenranta University of Technology
ISBN 978-952-265-749-7, ISBN 978-952-265-750-3 (PDF), ISSN-L 1456-4491, ISSN 1456-4491

This thesis is devoted to the study of the hyperfine properties in iron-based superconductors and the
synthesis of these compounds and related phases. During this work polycrystalline chalcogenide
samples with stoichiometry 1:1 (FeTe1−xSx, FeSe1−x) and pnictide samples with stoichiometry
1:2:2 (BaFe2(As1−xPx)2, EuFe2(As1−xPx)2) were synthesized by solid-state reaction methods in
vacuum and in a protecting Ar atmosphere. In several cases post-annealing in oxygen atmosphere
was employed. The purity and superconducting properties of the obtained samples were checked
with X-ray diffraction, SQUID and resistivity measurements. For studies of the magnetic properties
of the investigated samples Mössbauer spectroscopy was used. Using low-temperature measure-
ments around Tc and various values of the source velocity the hyperfine interactions were obtained
and the magnetic and structural properties in the normal and superconducting states could be stud-
ied. Mössbauer measurements together with XRD characterization were also used for the detection
of impurity phases. DFT calculations were used for the theoretical study of Mössbauer parameters
for pnictide-based samples BaFe2(As1−xPx)2 and EuFe2(As1−xPx)2.

Keywords: superconductivity, magnetism, Mössbauer spectroscopy
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PART I: OVERVIEW OF THE THESIS





CHAPTER I

Introduction

1.1 Short review

Fe-based superconductors are a new class of superconducting materials [1, 2]. The discovery was
unexpected because iron is a strong magnetic material and, according superconductivity theory,
magnetism and superconductivity should be mutually exclusive. Thanks to intensive studies of
iron-based superconductors, several groups of these materials are known up to this moment. Pnic-
tide and chalcogenide superconductors are the most significant ones. Superconducting compounds
belonging to these groups have rather simple crystal structures with Fe tetrahedrally coordinated to
four pnictide or chalcogenide atoms. The simplest one is FeSe, which has a Tc of 8 K [3, 4]. Until
the discovery of these iron-based compounds the phenomenon of high-temperature superconductiv-
ity was limited to the cuprate superconductors. Currently the highest Tc values in the Fe-pnictides
exceed 50 K [5], i.e. the limit of 40 K predicted by the BCS theory. It is not known whether the
mechanism behind the high-Tc superconductivity in the cuprates and the pnictides/chalcogenides
has the same origin. There are many similarities between the two families of superconductors,
e.g. a layered structure, possible interplay between magnetism and superconductivity etc., but also
important differences, e.g. the metallic conductivity of the pnictides and an antiferromagnetic in-
sulating ground state for the parent phases of the cuprates. Interaction between magnetism and
superconductivity has been studied for the last 25 years. Due to the fact that the "parent" cuprates
have an antiferromagnetic structure with a simple collinear order of magnetic moments, a theory of
antiferromagnetic spin fluctuation related to the Cooper pairing and emergence of superconductivity
was developed [6]. It is known that in the undoped situation "parent" compounds for the cuprates
are insulators and host one fermion with 1/2 spin value for each atom. That leads to strong electron
correlations and localization of the magnetic moments. Superconductivity emerges after injection
of charge carriers, which suppresses the antiferromagnetic state. But some of the cuprates show
coexistence of superconductivity and magnetism [7, 8]. And also in copper-based superconducting
systems with added Fe this coexistence was found [9, 10]. Following these experimental works, the
discovery of such type of coexistence in iron-based superconductors was not very surprising.

Fe-based superconductors are interesting and promising objects for investigation thanks to their
physical properties and potential applications. The presence of Fe offers also the possibility to
characterize the pnictide samples using Mössbauer spectroscopy. This method of study gives infor-
mation about phase composition and hyperfine interactions that can be studied using the parameters
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of the experimental spectra. Furthermore, 57Fe is the most frequently used nucleus for Mössbauer
spectroscopy measurements.

Important issues related to Fe-based superconductors are e. g. the increase of critical temperature,
critical field and critical current values. These are accordingly the most investigated fields. Increas-
ing these values can be achieved by adding new elements, application of special synthesis conditions
(inert atmosphere, heating and cooling rates, etc.), adjusting ambient conditions (application of an
external pressure), etc. [11, 12].

The nature of superconductivity and, perhaps, related to this question of coexistence of magnetism
and superconductivity is the cross-cutting issue of this materials and magnetic-properties study.
Iron-based superconductors that have a magnetic ordering along with the superconductivity prop-
erties are intensively studied nowadays [13–16]. Central questions are the cooperative way (co-
existence or competition) of magnetism and superconductivity, and related to this, the study of
new superconductors showing presence of magnetic ordering below the superconductivity transi-
tion temperature.

1.2 Objectives

The goal of this work is to study the hyperfine interactions in iron-based superconductors and related
compounds at temperatures below and above superconductivity transition temperature, and to study
the evolution of magnetic properties in all temperature ranges. As Mössbauer spectroscopy readily
detects the appearance and vanishing of magnetic ordering, this method was a good choice for this
study.

The simplest chalcogenide and pnictide superconductors were chosen as the objects for investiga-
tion. Compounds belonging to the 1:1 and 1:2:2 (stoichiometric ratio of the constituent elements)
groups were synthesized and their properties were studied. The description of the synthesis process,
phase purity, superconductivity and magnetic properties are presented in this thesis.

1.3 Summary of publications

This thesis is based on the following original publications:

1. A. Sklyarova, J. Lindén, E.-L. Rautama, and M. Karppinen: A 57Fe Mössbauer study of
FeTe1−xSx. J. Magn. Magn. Matter., 329, 129 (2013).

In this paper a polycrystalline sample with formula FeTe1−xSx was studied. The synthesis process,
phase content and physical properties studied by various methods are described. Using magne-
tization measurements a superconductivity transition value of Tc≈10 K was found and magnetic
ordering below this temperature was observed by Mössbauer spectroscopy. Unusual behavior of the
hyperfine field for one of the magnetic components was observed and conclusions about possible
competition between antiferromagnetism and superconductivity were drawn.

2. A. Sklyarova, G. C. Tewari, J. Lindén, H. Yamauchi, and M. Karppinen: Evidence of
magnetic broadening in Mössbauer spectra of superconducting FeTe0.8S0.2. Hyperfine Interact.,
221, 15 (2013).

In this paper further studies of the properties of sulphur-substituted FeTe1−xSx materials are pre-
sented. A sample with the FeTe0.8S0.2 stoichiometry, which is optimal for the emergence of bulk
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superconductivity, was synthesized. An extended synthesis process with a high annealing tempera-
ture and an additional annealing step in a pure oxygen atmosphere were applied. The low-velocity
Mössbauer measurements in the temperature range of 5.7 – 300 K enabled studies of the broaden-
ing, due to magnetic ordering, seen in the spectral lines above and below Tc. A new fit model of
the Mössbauer spectra indicated behavior compatible with a competition between magnetism and
superconductivity.

3. A. Sklyarova, G. C. Tewari, J. Lindén, E.-L. Rautama, and M. Karppinen: Evolution of the
internal magnetic field in chalcogenide superconductors FeTe1−xSx for various x values. J. Magn.
Magn. Matter., 357, 82 (2014).

The evolution of the internal magnetic field in FeTe1−xSx with different values of x is presented in
this paper. Mössbauer spectra in the 6.8 –300 K temperature range were recorded using high and
low Doppler velocities for the sample with x = 0.05, 0.10 and 0.20. SQUID and resistivity mea-
surements revealed a non-superconductive state (x = 0.05), filamentary superconductivity (x = 0.10)
and bulk superconductivity (x = 0.20) for the investigated samples. The evolution of the magnetic
hyperfine field with various x values was studied by Mössbauer spectroscopy. The temperature
dependencies of the internal field for the non-superconducting sample and the samples that show a
superconducting transition were obtained. A sharp drop of the magnetic field value below the super-
conducting transition temperature suggests a suppression of the magnetic ordering by the emerging
superconductivity.

4. A. Sklyarova, J. Lindén, G. C. Tewari, E.-L. Rautama, and M. Karppinen: 57Fe Mössbauer
study of a secondary phase in FeSe1−x with a large quadrupole splitting. Hyperfine Interact., 226,
341 (2014).

The hyperfine interactions in samples belonging to the Fe-Se system are presented in this work.
Several samples with various concentrations of selenium were synthesized and investigated and
the presence of an additional phase with a large quadrupole splitting was observed. The special
synthesis conditions needed for obtaining this secondary phase are described. The objective was
to find synthesis conditions increasing the concentration of the secondary Fe-Se phase which has
a large quadrupole splitting of ∼1.7 mm/s. At Tm ≈ 104 K this secondary phase undergoes a
magnetic ordering. It was found that in the investigated samples the secondary-phase Fe has valence
2+ and resides is a high-spin state while the main phase Fe atoms are in a divalent low-spin state.

5. A. Sklyarova, G. C. Tewari, J. Lindén, O. Mustonen, E.-L. Rautama, and M. Karppinen:
Mössbauer study of hyperfine interactions in EuFe2(As1−xPx)2 and BaFe2(As1−xPx)2. Submitted to
JMMM.

In this paper the hyperfine properties of pnictide superconductors with the BaFe2(As0.68P0.32)2 and
EuFe2(As0.8P0.2)2 compositions were studied by 57Fe Mössbauer spectroscopy. A superconducting
transition at 30 K was detected and coexistence of magnetism and superconductivity at low temper-
atures was observed. The Mössbauer spectra show two different iron atoms surroundings, which
are attributed to unsubstituted AFe2As2 and substituted AFe2(As1−xPx)2, with at least one phos-
phorus atoms in the tetragonal iron environment, (A = Ba or Eu). DFT calculations were used for
theoretical evaluation of the quadrupole splitting for different iron surroundings.



CHAPTER II

Materials and Methods

2.1 Synthesis methods and Materials

During this work polycrystalline samples were synthesized and investigated. The samples were
grown using solid-state reaction schemes. There are several reasons for choosing this method of
preparation. Sample synthesis methods are important because they influence on obtained crystal
structure and its stability, presence of impurity phase, appearance of superconductivity, supercon-
ductivity transition temperature etc. Obtaining polycrystalline materials (grain size ∼1 – 10 µm) or
single crystals (grain size from ∼0.1 mm to 1 cm) is also dependent on the synthesis method and
the synthesis conditions [17]. Even in successfully synthesized samples small defects and traces
of impurity phases can be observed, the presence of which influence on the physical properties of
these samples [18]. From the superconductivity-properties point of view, the combination of crystal
structure and chemical composition influences on the values of critical temperature, critical fields
and critical current of superconducting materials.

For the synthesis process of iron-based superconductors safety issues are also important: several of
the elements are toxic or sensitive to reactions with air. So, special conditions during the synthesis
process should be applied such as using an inert gas atmosphere during the powder mixing and
grinding processes.

Three common synthesis methods of iron-based superconductors are used: flux-growth from a solu-
tion, Bridgman method of crystal growth and solid-state reactions [19–23]. For obtaining polycrys-
talline samples the solid-state reaction is simpler and does not require special laboratory equipment.
Hence, it was chosen for this work.

For the preparation of chalcogenide and pnictide samples commercial iron powder and pieces, tellur,
selenium, and sulphur powders, barium, europium, and arsenic pieces, and phosphorus powder were
used. A list of elements, suppliers and chemical purities are presented in Table 2.1.

2.2 Analytical methods

The study of synthesized sample purity and characterization of the powders were carried out by
the following analytical methods: Cu Kα1 X-ray powder diffractometry, and 57Fe and 151Eu Möss-
bauer spectroscopy were used for phase composition study; SQUID measurements and resistivity
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Table 2.1: Description of chemical elements

Chemical ele-
ment

Formula Supplier Purity, %

Iron (pieces) Fe Bureau of Analysed Samples, Ltd 99.95

Iron (powder) Fe unspecified 99.99

Tellur Te ALDRICH Chemistry 99.8

Tellur Te unspecified 99.999

Sulphur S MERCK DAB 6

Sulphur S unspecified 99.99

Barium Ba SIGMA-ALDRICH 99.9

Europium Eu unspecified 99.9

Arsenic As ALDRICH 99.999

Phosphorus P MERCK ≥97
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measurements gave information about superconducting properties; Mössbauer spectroscopy, as the
main investigation method in this work, allowed us to obtain information on the hyperfine interac-
tions of the synthesized samples. A short description of the methods used are presented below.

2.2.1 X-ray powder diffractometry

The purity and phase composition of produced polycrystalline samples were checked in this work
by X-ray powder diffraction (PanAnalytical X’Pert Pro MPD diffractometer). The measurements
were made in the θ - 2θ geometry using Cu Kα1 (λ = 154.051 pm) radiation. Powder diffraction
patterns were registered at room temperature in the beam-angle range of 2θ = 5 – 220◦.

The experimental equipment allows measurement of diffraction patterns from 10 mg (lower limit)
of sample, which is important when only small quantities of investigated materials are available.

For phase identification the FullProf software [24] and PDF4 database were used. The crystal-
structure refinement was made using the Rietveld method and a March-Dollase function was in-
cluded due to the presence of preferred orientation of crystallites.

2.2.2 SQUID measurements

The temperature dependencies of magnetic susceptibilities were obtained using a commercial mag-
netometer (Quantum Design MPMS-XL). The magnetometer operates within the temperature range
of 1.7 – 400 K and the largest possible value of external magnetic field is 50 kOe. The maximal sen-
sitivity of the magnetometer is in the range of 10−9 emu. The smallest experimentally used sample
mass was ∼24 mg.

For carrying out of measurements the samples were placed into a gelatine capsule or wrapped in a
weighing paper and placed inside a straw, and then fixed in the holder. The external magnetic field
(in field-cooling measurements) was 10 – 20 Oe.

The obtained experimental results (output data) were fitted using the ORIGIN software.

2.2.3 Resistivity measurements

Resistivity measurements of the synthesized samples were carried out using a home-built four-probe
setup (Aalto University, Chemical Department). The samples plates (∼3×4 mm) were placed and
fixed at the holder surface. Copper conducting wires were fixed to the sample by silver paste. The
resistivity measurements were made in the temperature range of 4 – 300 K. Starting from room
temperature the sample temperature was changed by sinking the holder slowly by hand into a liquid
helium dewar. The visualization of obtained results was made during the measurement process on
the screen. The output data were fitted by the ORIGIN program.

2.2.4 Seebeck measurements

Seebeck measurements of the investigated samples were made using a home-built setup (Aalto Uni-
versity, Chemical Department). Under microscope the sample plate was attached between cooper
plates using silver paste. Gold wires were used as conducting parts between sample and the Cu
plate. Seebeck-coefficient measurements were made in the temperature range of 4 – 300 K grad-
ually the lowering temperature from room temperature to 4 K by slowly sinking the holder with
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the sample into a dewar with liquid He. The SRLWin software was used for the data collection.
The visualization of obtained results was made during the measurement process on the screen. The
output data were fitted by the ORIGIN program.

2.2.5 Mössbauer spectroscopy

Mössbauer spectroscopy was used for the study of the hyperfine interactions in our samples and for
the refinement of the phase compositions together with X-ray powder diffraction. The Mösbauer
measurements were done using the equipment of the Mössbauer research group at Åbo Akademi
University, with a Cyclotron Company 57Co:Rh gamma source in transmission geometry and an
LND inc. proportional counter (model 45431). An Engelhard NaI scintillator (model 2007P), for
detecting the γ-quanta of a 151Sm:Sm2O3 source, was used.

For the absorber preparation about 50 mg of sample powder was put in crater of 2.1 cm diame-
ter pressed into an aluminium foil, and thoroughly mixed with a two-component resin (LOCTITE
Power Epoxy Universal). The distribution of the powder in the glue was as homogeneous as possi-
ble, and presence of air bubbles in the absorber were avoided. The solidified absorber was covered
by a protective plastic film.

The Mössbauer measurements were carried out in the temperature range of 4.8 –315 K. The low-
temperature measurements were made using an Oxford CF506 continuous-flow cryostat with liquid
He as a coolant below 77 K and liquid N2 at and above 77 K. The temperature stability was con-
trolled by an Oxford Intelligent Controller (ITC 4). The obtained spectra were visualized on a
computer screen using the MCDWIN program which was also responsible for the gathering of data.
The obtained experimental data were fitted using home-made software.
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Iron-chalcogenide compounds FeTe1−xSx: synthesis and study

3.1 Motivation

The substituted 1:1 material FeTe1−xSx belongs to the chalcogenide superconductor group. The
stability of the prepared material and the simplicity of the structure make this material attractive for
investigations. Although the critical temperature value Tc∼8 K is not high [25–28] this compound
has a number of interesting properties which justify further studies. The parent FeTe compound of
the investigated FeTe1−xSx material has an anti− PbO type layered crystal structure with a tetrag-
onal symmetry (space group P4/nmmm) [29], Fig. 3.1. The simple structure allows for inclusion

Figure 3.1: FeTe crystal structure.

of ions between the Fe2Te2 layers [30] and in this way change the properties of the material. The
crystal structure of the chalcogenide superconductors is dependent on the chemical elements in the
superconducting compound, and on the method for the synthesizing superconductor, and on the
synthesis conditions like temperature, pressure etc. [31]. It is important to obtain samples with a
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stable structure. The parent FeTe is a stable compound, and substituted compounds based on it, can
be easily produced by solid-state reaction methods.

In the parent FeTe phase structural and magnetic transitions occur at ∼70 K. Below the transition
temperature this compound shows antiferromagnetic ordering and the wave vector of the antifer-
romagnetic fluctuations is not favorable for superconductivity, like it is for FeSe, where authors
connected these fluctuations with the appearing superconductivity properties [32–40]. The usual
method for inducing superconductivity – an applied hydrostatic pressure – does not work, exclud-
ing the case of FeTe thin films, in which a tensile stress induces a superconductivity transition at
∼13 K [41]. This superconductivity in FeTe thin films under tensile stress is accompanied by a
softening of the first-order magnetic and structural phase transition. Under high pressure pure bulk
FeTe remains antiferromagnetic even at the lowest temperatures [42, 43].

Superconductivity in the parent FeTe can be achieved only through a substitution process [28, 44–
46]. A large number of research papers devoted to the most usual chalcogenide FeTe1−xSex phase
exists [47–49]. The popularity of the FeTe1−xSex material is due to an easy synthesis process of
this compound. In the case of the sulphur-substituted compound FeTe1−xSx the synthesis process is
more difficult because the large difference in ionic radii of Te and S. The less known properties of
FeTe1−xSx make this material attractive for investigations.

3.2 Synthesis procedures of sulphur-substituted samples

Polycrystalline sample with the chemical formula of FeTe1−xSx were synthesized by solid-state re-
action methods using various temperature regimes and special synthesis steps as immersing into
ethanol and oxygen-annealing. A search for optimal synthesis conditions for achieving supercon-
ducting properties in FeTe1−xSx was made.

Five polycrystalline samples were synthesized using two-steps and three-steps reactions (with and
without ethanol immersing and powder pelletization) and three-steps reaction with powder pelleti-
zation and O2-annealing; these obtained samples were denoted S1, S2, S3, S4 and S5, respectively.
For all samples S1 – S5 the target stoichiometry was FeTe0.8S0.2 because the FeTe1−xSx compound
with this stoichiometry shows the best superconductivity properties [25].

The following synthesis program for sample S1 was used: A TeS precursor was synthesized. Stoi-
chiometric quantities of Te (ALDRICH, 99.8%) and S (MERK, DAB6) powders were mixed, sealed
inside an evacuated quartz tube and annealed at 400◦C for 12 h. The obtained TeS precursor was
reground in an agate mortar, mixed with Fe (99.5%) and Te powders for achieving the FeTe0.8S0.2

stoichiometry, sealed into an evacuated quartz tube and annealed again at 600◦C for 12 h. A furnace
cooling from 600◦C to room temperature was made by turning off the furnace. The natural cooling
rate of the furnace is shown in Fig. 3.2.

For sample S2 the same synthesis program was used, but after two synthesis steps the obtained
material was reground, pressed into a pellet and a third annealing at 600◦C for 12 h was made. And
sample S4 was produced using the same scheme but a third annealing step was made at 200◦C for 2
h in an oxygen atmosphere inside a quartz ampule with the sample. Immersing in ethanol at 100◦C
for 15 h was used as a third synthesis step for sample S3 although the first two steps were the same
as for samples S1 and S2.

Different conditions for the synthesis of sample S5 were used. Synthesis of sample S5 was made
at higher temperatures and the reaction time was extended. The appropriate Fe, Te and S powder
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Figure 3.2: Natural cooling rate of turned off furnace.

mixture was pelletized, sealed in an evacuated quartz tube, slowly heated up to 1050◦C and annealed
at this temperature for 30 h. The obtained sample was reground, pressed, sealed in a quartz tube,
and annealed again in vacuum at 800◦C for 20 h and, finally, the obtained sample was annealed at
200◦C for 12 h in an oxygen atmosphere inside an ampule.

The synthesis programs used for all samples S1 – S5 are given in Table 3.1.

A preliminary quick analysis of the phase content in the obtained samples was done using Möss-
bauer spectroscopy. Due to the chemical composition of the synthesized samples the most likely
impurities should contain iron and, thus, Mössbauer spectroscopy would give information about the
phase contents and their percentage in the samples. The phase amount is directly proportional to the
intensity of the subspectrum, assuming the recoil free-fraction is the same. Using the experimental
data the relative intensities of the subspectra from different phases were found.

Mössbauer spectra were recorded at 300 K using a Doppler velocity of ∼8 mm/s that allows for
detection of probable magnetic iron-oxide impurities.

The recorded 300 K Mössbauer spectra of samples S1, S2 and S5 are shown in Fig. 3.3.

Obtained spectra were fitted using one paramagnetic doublet and one magnetic sextet. The hyper-
fine field for magnetic components, quadrupole splitting, relative intensity and isomer shift relative
to α-Fe were used as fit parameters. The obtained Mössbauer parameters are given in Table 3.2
(sample S1, S3 and S4), Table 3.3 (sample S2) and Table 3.4 (sample S5).The paramagnetic doublet
and magnetic sextet were assigned to the main FeTe1−xSx phase and to the impurity FeS phase,
respectively. The difference in the FeS isomer shift values is, probably, due to the some variation in
this phase stoichiometry (FeS1±x).

The room temperature spectrum of sample S1 shows the presence of an impurity phase that occupies
29% of the main spectral area, Fig. 3.3 (upper picture). According to the synthesis theory [50, 51],
the solid-state reaction rate depends on the ion diffusion through the reaction product layer, which
forms on the phase boundary. Sample grinding, mixing and pressing improve homogeneity of the
mixture, reduce the grain size, improve the contact between particles and reduce the voids. An
additional annealing step at low temperature (600◦C) promotes impurity reduction from 29% to 18%
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Table 3.1: The synthesis program of the FeTe0.8S0.2 materials

Sample la-
bel

Reaction Temperature program

S1 1st reaction (TeS) RT-3.3h-400 ◦C/12h-RT(natural cooling)

2nd reaction (TeS+Fe) RT-3h-600 ◦C/12h-RT(natural cooling)
S2 1st reaction (TeS) RT-3.3h-400 ◦C/12h-RT(natural cooling)

2nd reaction (TeS+Fe) RT-3h-600 ◦C/12h-RT(natural cooling)

3rd reaction (pellet) RT-3h-600 ◦C/12h-RT(natural cooling)
S3 1st reaction (TeS) RT-3.3h-400 ◦C/12h-RT(natural cooling)

2nd reaction (TeS+Fe) RT-3h-600 ◦C/12h-RT(natural cooling)

3rd step (ethanol
exposure)

100 ◦C/15h-RT(natural cooling)

S4 1st reaction (TeS) RT-3.3h-400 ◦C/12h-RT(natural cooling)

2nd reaction (TeS+Fe) RT-3h-600 ◦C/12h-RT(natural cooling)

3rd reaction (pellet, O2) RT-1h-200 ◦C/2h-RT(natural cooling)
S5 1st reaction

(FeTe0.8S0.2) (pellet)
RT-20h-1050 ◦C/30h-5h-RT

2nd reaction (pellet) RT-800 ◦C/20h-RT

3rd reaction (pellet, O2) RT-200 ◦C/12h-RT
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Figure 3.3: RT Mössbauer spectra of samples S1 (upper), S2 (middle), and S5 (lower) with the
formal stoichiometry of FeTe0.8S0.2. Components due to a paramagnetic doublet (green), and
the FeS (red) impurity are indicated.
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Table 3.2: RT Mössbauer parameters of samples S1, S3 and S4 with the formal stoichiometry of
FeTe0.8S0.2

Sample Component Assignment IS, mm/s eQVzz, mm/s B, T

S1 Doublet FeTe1−xSx 0.487(9) -0.62(3) –

Sextet FeS 0.890(1) -1.46(8) 31.5(9)

S3 Doublet FeTe1−xSx 0.455(5) -0.62(5) –

Sextet FeS 0.791(6) -1.49(7) 32.6(6)

S4 Doublet FeTe1−xSx 0.450(3) -0.70(2) –

Sextet FeS 0.902(2) -1.46(9) 31.7(4)

(according Mössbauer data) for sample S2, Fig. 3.3 (middle picture) but the remaining impurity
portion is still large. It was experimentally found that, for our samples, increasing the synthesis
temperature and reaction time with additional annealing steps reduce the impurity content to 1%
(sample S5 [Publication 2, Publication 3], Fig. 3.3 (lower picture).

The superconductivity properties, that our obtained samples have, depend on the used synthesis pro-
gram. The evolution of superconductivity in samples S1 – S5 was checked by SQUID measurements
of the magnetic susceptibility, Fig. 3.4.

SQUID data for the samples S1 – S4 revealed only filamentary superconductivity in these samples.
For the first synthesized sample S1, magnetic susceptibility temperature behavior obtained in ZFC
regime indicates an onset superconductivity at 8 – 10 K, Fig. 3.4 (a). Sample pelletization and one
additional annealing at 600◦C for 12 h weakly influence on the susceptibility shape, Fig. 3.4 (b).
Although the nature of the following is not understood yet [52], additional procedures of oxygen
annealing and ethanol exposure slightly improve the superconducting transition: the down turn of
the susceptibility curves becomes more clearly defined and the values of the magnetic suscepti-
bility reach negative values, Fig. 3.4 (c). There are two possibilities for the influence of oxygen
atoms: some S atoms are substituted by oxygen, or oxygen atoms occupy interstitial positions.
The magnetic-susceptibility behavior of sample S5 shows a clear transition to the superconductivity
state at Tc = 9 K, Fig. 3.4 (d). The influence of the oxygen annealing on the superconductivity
transition is presented in Fig. 3.5. The oxygen-annealed sample S5 shows a more clear and sharp
superconductivity transition with zero-resistivity below Tc.
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Figure 3.4: Magnetic susceptibility vs. temperature of samples S1 (a), S2(b), S3 (c) and S5 (d)
with formal stoichiometry of FeTe0.8S0.2, recorded in zero-field-cooling (ZFC) and field-cooling
(FC, 20 Oe) regimes.
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Figure 3.5: Resistivity vs. temperature of sample FeTe0.8S0.2 (S5) before O2-annealing (a) and
after O2-annealing (b). Insets show the transition region in more detail.



3.3 Characterization of FeTe1−xSx compounds 29

3.3 Characterization of FeTe1−xSx compounds

The polycrystalline FeTe1−xSx sample (marked S2) with the nominal composition x = 0.2 was syn-
thesized using the solid-state reaction method described in Section 3.2 and Table 3.2. The purity
of the obtained sample was checked using two methods: X-ray powder diffractometry (PanAna-
lytical X’Pert Pro MPD diffractometer) and Mössbauer spectroscopy. Superconductivity properties
were investigated by SQUID measurements (Quantum Design, MPMS-XL) in zero-field cooling
and field-cooling at a 10-Oe external magnetic field, and magnetic properties of the sample were
studied by 57Fe Mössbauer spectroscopy.

Mössbauer spectra were recorded in the temperature range of 5.4 – 300 K with a 15 K tempera-
ture step in transmission geometry. The maximum Doppler velocity value was 8.00 mm/s, which
is enough for detection of magnetic impurity phases. A three component model was used for the
experimental data fit: two magnetic (C1 and C2) and one paramagnetic (C3) component. The usual
Mössbauer parameters of a magnetic hyperfine field for magnetic components, quadrupole splitting,
relative intensity and isomer shift relative to α-Fe were used as fit parameters. The full hamiltonian
was used in the fit program. The asymmetry parameter η was fixed at zero due to the tetragonal
crystal symmetry of the phase and the local tetrahedral symmetry of Fe atoms surrounding suggest-
ing that Vxx = Vyy. The angle between Vzz and Beff was also fixed to zero. Phase composition in
the obtained sample was checked by XRD and, 2% of FeS along with 5% of paramagnetic FeTe2
was detected, Fig. 3.6. The FeS impurity quantities obtained by XRD (2%) and by Mössbauer spec-
troscopy (18%) differ possibly due to poor or uneven crystallinity for FeS, although some of the
FeS lines seem to be rather sharp. The thickness effect for Mössbauer absorber can also influence
the obtained FeS content: the absorption area of the main paramagnetic doublet saturates faster than
the area of the magnetic sextet for the FeS impurity, which is more spread out. Hence, in reality
the portion of FeS could be a few %-units smaller than the obtained 18%. Nevertheless, a certain
discrepancy remains.

The XRD pattern shows presence of grain orientation along to the 00l direction. One of the reasons
for this effect to arise is powder sedimentation during the sample preparation for the XRD measure-
ment, another reason is the internal texture of the crystallite structure. This preferred orientation
was taken into account in the fitting by the March-Dollase function [53]. The preferred orientation
factor:

Thkl =
1

N

N∑
i=1

(
G2cos2φi

hkl +
1

G
sin2φi

hkl

)−3/2

, (3.1)

where N is the number of symmetry-equivalent reflections, G is a numerical refinable parameter,
cosφhkl = dhkl·dT

dhkldT
, dhkl is an inter-planar spacing between crystallographic planes belonging to the

same family (h,k,l), and dT the texture axis direction.

In accordance with the literature, sample S2 belongs to the tetragonal P4/nmm space group. The
obtained XRD data, which was fitted using the commercial FullProf program package [24], gives
the values 2% and 5% for the FeS and FeTe2 impurity contents, respectively, and 93% for the main
FeTe1−xSx phase. The c lattice parameter of the main phase was found to be 6.275 Å. In earlier
studies of FeTe1−xSx a relation between the c lattice parameter value and the sulphur concentration
was observed: the c value is decreasing with increasing sulphur concentration x up to x = 0.25 and,
at x > 0.25 the c parameter saturates [54]. Using this relation the content of sulfur in our sample
was found to be 3.9%. This estimated sulfur concentration indicates that the synthesis conditions
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Figure 3.6: X-ray powder diffraction pattern and Rietveld refinement profile of FeTe1−xSx

(S2). Minority phases are indicated below the main phase (FeTe on the pattern). Tetragonal
P4/nmm space group was used in the refinement for the main phase. This picture was taken
from Publication 1.

(annealing duration and temperature) were not optimal for the preparation of the sample. The same
result was obtained by other authors that used flux-growing method for FeTe1−xSx material prepara-
tion, where a nominal x = 0.2 was coincided with an x = 0.11 value obtained from electron-probe
microanalysis measurements [54]. In our case we also had a FeS impurity so the concentration of S
would be smallish.

SQUID measurements, Fig. 3.4 (b), show only the beginning of a down turn of the ZFC magnetiza-
tion curve and negative values are not reached. This suggests the presence of mere filamentary-type
superconductivity in our sample, i. e. the case when in a non-superconducting sample supercon-
ducting "paths" have formed. Then only a weak and broad susceptibility signal is observed. This
filamentary-type superconductivity in our sample agrees with the experimentally observed sulphur
concentration. The onset of Tc was found to be 10 K, where the ZFC curve of the magnetic moment
begins turn towards negative values.

The magnetic properties were investigated by 57Fe Mössbauer spectroscopy. As mentioned earlier,
the paramagnetic state in the parent FeTe compound undergoes an antiferromagnetic ordering at
temperatures below ∼70 K and a Mössbauer study of this material shows a well-resolved sextet
below the magnetic transition temperature [29]. Upon substituting a part of Te by another chalco-
genide element this ordering is suppressed [25, 28, 55]. The obtained Mössbauer spectra of our
FeTe1−xSx sample show a partial magnetic ordering, observed as a broadening of the main para-
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magnetic doublet, Fig. 3.7. For obtaining and analyzing of the hyperfine parameters a fit model,
consisting of two subspectra at high temperatures and three subspectra at temperatures below 77 K,
was used. At room temperature two components suffice to describe the Mössbauer spectrum: an
intensive paramagnetic doublet (C3) associated with the main paramagnetic FeTe1−xSx phase and
a sextet (C1) that can be attributed to the magnetic FeS impurity. In contrast to the XRD results,
Mössbauer parameters values of FeTe2 are close to the parameters values of the main phase, and it
may be a reason that this paramagnetic impurity is not visible in the spectra: the paramagnetic dou-
blet from the FeTe2 is masked by the more intensive paramagnetic doublet from the main FeTe1−xSx

phase.

The Mössbauer spectra have identical shapes at all temperatures down to ∼77 K. The broadening
of the main component due to magnetic ordering appears at temperatures below ∼77 K and, in
accordance with a low-temperature Mössbauer study of the parent compound, an unresolved mag-
netic sextet (C2) was entered in to the fit model [56]. A reasonable explanation of the nature of
this unresolved sextet is the antiferromagnetic "sea" surrounding of the paramagnetic "islands" that
are distributed through the sample volume [Publication 1]. This "sea" is characterized by lower
concentration of S close to Fe, and opposite in "islands" Fe atoms have more neighboring S atoms.
The concentration of S atom neighbors varies continuosly and, therefore, areas poor in S atoms
order magnetically at higher temperatures, than areas rich in S atoms. The size of these paramag-
netic "islands" decrease with decreasing temperature while the antiferromagnetically ordered part
of the samples grows. This process continues with decreasing temperature down to Tc and then
an opposite trend sets in. The magnetic component C2 remains visible in the spectra down to the
lowest temperature of 5.4 K even when the superconductivity state below 10 K appears. These two,
magnetically ordered (C2) and superconducting (C3), phases are intertwined. Parameter values of
the fitted spectra are presented in Table 3.3.

Table 3.3: Mössbauer parameters of sample FeTe1−xSx (S2)
Component

Component C3 Component C2

T, K Γ, mm/s IS, mm/s eQVzz, mm/s IS, mm/s QS, mm/s B, T

300 K 0.334(2) 0.481(1) -0.62(6) – – –

125 K 0.321(9) 0.553(1) -0.74(4) – – –

77 K 0.310(6) 0.571(3) -0.73(6) – – –

66 K 0.302(4) 0.572(4) -0.72(1) 0.53(1) 0.23(5) 7.7(5)

5.4 K 0.277(1) 0.570(1) -0.96(5) 0.54(3) 0.25(8) 9.0(8)

A competition between magnetism and superconductivity was found by studying the Mössbauer
parameters of C2 and C3 components. The behavior of two parameters: internal magnetic field value
of the C2 spectral component and the C2/C3 intensity ratio, were studied in the temperature range
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Figure 3.7: 57Fe Mössbauer spectra of FeTe0.8S0.2 (sample S2) recorded at 5.4 K, 66 K and
125 K. The two main components: paramagnetic doublet (C3, dashed green line) and magnetic
sextet (C2, dashed blue line), and the FeS impurity (C1, dashed black line) are indicated. This
picture was taken from Publication 1.
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Figure 3.8: Internal field vs. temperature for component C2 (a) and intensity ratio between the
magnetic component C2 and the paramagnetic doublet C3 vs. temperature (b) for the sample S2
(FeTe0.8S0.2). The line is a guide for the eye. This figures were taken from Publication 1.

of 77 – 5.4 K, Fig. 3.8. The internal magnetic field value decreases at low temperatures (Fig. 3.8
(a)) and the peak-like kink in the intensity ratio at 10 K (Fig. 3.8 (b)), indicates the presence of a
competition between superconductivity and low-temperature magnetic ordering in our sample.

Further studies of the relation between low-temperature magnetism and superconductivity has been
conducted on FeTe1−xSx samples with x = 0.20, 0.10 and 0.05 (S5, S6 and S7). Investigated ma-
terials were synthesized by solid-state reaction, as described earlier for sample S5 (see Section 3.2
and Table 3.1). All samples were subjected to oxygen annealing as a final synthesis step. The phase
purity of the produced polycrystalline samples was checked by XRD and the obtained patterns are
shown in Fig. 3.9. According to the XRD results the substitution of tellur by sulphur was successful:
the XRD pattern for the sample with x = 0.20 shows only a 1% presence of the FeS impurity, and
for the two other samples the XRD patterns do not show any traces of FeS. The sulphur solubility
limit may be a reason for the presence of FeS in the compound with the largest S concentration. The
behavior of the c lattice parameter, which decreases with increasing x, also suggests a success of the
substitution processes. The presence of two paramagnetic FeTe2 and Fe0.67Te impurities and their
percentage in the investigated samples are also indicated on the XRD patterns. Observation of trace
of impurities with concentrations below 2%, i. e. close to the detection limit of XRD, was possible
by comparing all three XRD patterns with each other.

The superconductivity properties of the obtained samples coincide with those reported in literature:
the sample with x = 0.05 doesn’t show superconductivity down to the lowest temperature of 4 K.
SQUID and resistivity measurements of FeTe0.9S0.1 and FeTe0.8S0.2 samples show the presence of
filamentary and bulk superconductivity, respectively, Fig. 3.10 (b) and (d). The different scale for
the magnetic susceptibility is due to the two reasons: : one of them is the simple scaling between
max and min values and the second is the presence of a ferrimagnetic Fe3O4 impurity, that gives
a positive background in Fig. 3.10 (b). The Verwey transition in Fe3O4 causes a hump in the FC
data at ∼120 K, and a divergence between the FC and ZFC lines is observed. The SQUID data for
FeTe0.8S0.2 suggests some presence of this impurity as well, but approximately five times smaller
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Figure 3.9: X-ray powder diffraction patterns for the samples FeTe0.95S0.05 (S7), FeTe0.9S0.1

(S6) and FeTe0.8S0.2 (S5). This picture was taken from Publication 3.
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than in FeTe0.9S0.1, and therefore not observable by Mössbauer spectroscopy. Resistivity measure-
ments were also done for our samples and the resistivity vs. temperature curve of FeTe0.8S0.2 shows
a transition to zero resistivity at around 9 K, Fig. 3.10 (c).

Figure 3.10: Resistivity vs. temperature for samples FeTe0.9S0.1 (S6) (a) and FeTe0.8S0.2 (S5)
(c), respectively. The insets show the transition regions in more detail. Magnetic susceptibility
vs. temperature for samples FeTe0.9S0.1 (S6) (b) and FeTe0.8S0.2 (S5) (d) obtained in field-
cooling (FC) and zero-field-cooling (ZFC) regimes of the SQUID measurements. This picture
was taken from Publication 3.

Transition-temperature values of Tc = 10 K and Tc = 9 K were found for FeTe0.9S0.1 and FeTe0.8S0.2

samples, respectively.

Mössbauer spectra of all samples were recorded in the temperature range of 5.7 – 300 K in trans-
mission geometry. Maximum Doppler velocity values of 10 mm/s and 1.70 mm/s were used. The
high velocity measurements exhibit the presence of magnetic impurities due to the Fe3O4 phase in
FeTe0.9S0.1 (S6). This impurity phase was not observed using XRD, which can be explained by
the 2% detection limit of XRD and probably the poor crystallinity of Fe3O4. But the paramagnetic
FeTe2 and Fe0.67Te impurities were not visible on the Mössbauer spectra due to the fact that the
more intensive main doublet masks these two phases, as both these impurities are paramagnetic at
room temperature [57–59].

The low-velocity Mössbauer spectra allow for extracting information of the hyperfine interactions
of the main phase. The combined pictures of RT, high-velocity and low-velocity Mössbauer spectra
at indicated temperatures are shown in Figs. 3.11 and 3.12.

A modified fit model was used for analyzing the spectra: instead of introducing a third phase with
a magnetic ordering temperature below 77 K (spectral component C2 described above) an internal
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Figure 3.11: 57Fe high-velocity Mössbauer spectra of FeTe0.95S0.05 (S7) (upper panel),
FeTe0.9S0.1 (S6) (middle panel), and FeTe0.8S0.2 (S5) (lower panel) recorded at room tempera-
ture. Components due to the paramagnetic doublet (green), and the magnetic Fe3O4 (blue) and
FeS (red) impurities are indicated.
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Figure 3.12: Left panel: 57Fe Mössbauer spectra of FeTe0.95S0.05 (S7) recorded at indicated
temperatures. Middle panel: 57Fe Mössbauer spectra of FeTe0.9S0.1 (S6) recorded at indicated
temperatures. Right panel: 57Fe Mössbauer spectra of FeTe0.8S0.2 (S5) recorded at indicated
temperatures. Components due to the broadened paramagnetic doublet (green), the Fe3O4 and
FeS impurities central lines (gray dashed) are indicated. These pictures were taken from Publi-
cations 2 and 3.
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magnetic field with a distribution was added to the paramagnetic doublet of the main phase. All
components (impurities and main components) had the same linewidth. As texture was observed at
300 K, the angle between the wave vector and the z-axis of the electric field gradient (due to the
sample texture) was fixed to the 300 K value. The main component was then fitted using relative
intensity, isomer shift relative to α-Fe and eQVzz as free parameters (η was fixed at 0). The magnetic
broadening was included by fitting a histogram of 20 field values between 0 and 10 T, so that their
relative intensities add up to 1. One may think of this as having 20 components with identical values
for Vzz, isomer shift, eta and line width, but various values for the internal field and again the angle
between Vzz and Beff was fixed at 0 degrees and with total intensity adding up to the value specified
(but fitted) for the main component. For the FeS all parameters were fixed to the 77 K values, as
these were not expected to change at low temperatures. Furthermore these parameters could not be
reliably fitted in low-velocity spectra, as only lines 3 and 4 occur in the velocity interval.

The low-velocity Mössbauer spectra show an asymmetric quadrupole doublet, that was assigned to
the superconducting FeTe1−xSx phase, and lines 3 and 4 of the magnetic impurities. Combining
the found preferred orientation of the XRD patterns and the Mössbauer data, the asymmetry of
the doublet is due to crystalline texture and the angle between wave vector and z-axis of the main
component of the electric field gradient was found to be ∼ 39.5◦C between 77 K and 300 K. It was
fixed at this value when fitting the spectra recorded below 77 K. The isomer shift of the paramagnetic
main phase doublet is compatible with intermediate spin (S = 1) Fe2+.

In the spectra recorded above 77 K purely paramagnetic behavior is observed for the main com-
ponent. Below 77 K all spectra display a distinct broadening of the asymmetric doublet. This
broadening changes with the temperature, reaching a maximum around Tc for the FeTe0.9S0.1 (S6)
and FeTe0.8S0.2 (S5) samples. For FeTe0.95S0.05 (S7) the main doublet broadening is increased up
to the lowest measuring temperature of 6.8 K. The broadened doublets were fitted with a histogram
distribution of hyperfine magnetic fields, Fig. 3.13. The arithmetic weight ∆B gives the integrated
mean value of the internal magnetic field is obtained.
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Figure 3.13: Internal field distribution histograms of FeTe0.95S0.05 (S7), FeTe0.9S0.1 (S6), and
FeTe0.8S0.2 (S5) obtained at indicated temperatures.

The parameters of the fitted spectra are presented in Table 3.4.
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Table 3.4: Mössbauer parameters of samples FeTe0.95S0.05 (S7), FeTe0.9S0.1 (S6) and
FeTe0.8S0.2 (S5).

T, K Γ, mm/s IS, mm/s eQVzz, mm/s ∆B, T
FeTe0.95S0.05

295 0.340(4) 0.512(3) -0.76(3) –

77 0.341(1) 0.515(5) -0.83(4) –

20 0.350(1) 0.556(9) -0.95(4) 0.74(8)

10 0.373(1) 0.559(8) -1.00(4) 0.83(9)

6.8 0.362(4) 0.558(8) -1.00(1) 0.88(2)

FeTe0.9S0.1

298 0.320(6) 0.515(1) -0.65(5) –

77 0.321(2) 0.552(6) -0.78(1) –

20 0.333(2) 0.580(1) -0.78(2) 0.45(1)

9 0.326(9) 0.587(5) -0.80(4) 0.83(1)

6.8 0.321(1) 0.593(2) -0.79(7) 0.74(4)

FeTe0.8S0.2

285 0.290(5) 0.431(3) -0.62(6) –

77 0.272(2) 0.554(2) -0.71(1) –

20 0.280(7) 0.552(8) -0.72(2) 0.08(1)

10 0.361(3) 0.564(1) -0.75(2) 0.21(7)

5.7 0.413(2) 0.564(1) -0.78(2) 0.13(2)
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The temperature dependencies of the average hyperfine field are shown in Fig 3.14. The average
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Figure 3.14: Average internal fields vs. temperature for FeTe0.95S0.05 (S7) (upper panel),
FeTe0.9S0.1 (S6) (middle panel), and FeTe0.8S0.2 (S5) (lower panel).The lines are guides for
the eye. This picture was taken from Publication 3.

fields peak at Tc for the superconducting samples, declining upon further cooling. The declining
section coincides with the onset of superconductivity and the observed temperature behavior agrees
with the hypothesis of coexistence of magnetism and superconductivity in our samples, Publica-
tions 1, 2 and 3. The overall portion of magnetically-ordered Fe in the earlier measured FeTe0.8S0.2

sample decreases below Tc, Fig. 3.15, that is also in agreement with the competition scenario.

The temperature dependencies of the center shift and the quadrupole splitting constant (eQV zz)
were studied in our best superconducting sample with x = 0.20. The quadrupole splitting of the main
component has a negative sign, obtained owing to the sample texture, and equals eQV zz =−0.71 mm/s
at 77 K. The temperature dependence of the quadrupole splitting follows a (1− aT 3/2) dependence
[60], Fig. 3.16. The a value was found to be 3.2·10−5 K−3/2. Below∼ 20 K the quadrupole splitting
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Figure 3.15: The fraction of magnetically ordered Fe vs. temperatures for sample FeTe0.8S0.2

(S5). The line is a guide for the eye. This picture was taken from Publication 2.

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0
- 0 . 8 5

- 0 . 8 0

- 0 . 7 5

- 0 . 7 0

- 0 . 6 5

- 0 . 6 0

 
 

eQ
V z

z (
mm

/s)

T E M P E R A T U R E  ( K )
Figure 3.16: Quadrupole coupling constant eQV zz vs. temperature for FeTe0.8S0.2 (sample S5)
with a power law fitting, at temperatures above 20 K. This picture was taken from Publication 2.
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value undergoes a sharp drop which roughly coincides with the decline of the internal field. The
fast decline could be associated with a minor change in the non-spherical electronic structure of the
observed Fe2+ state.

The temperature dependence of the center shift also shows a deviation from a simple Debye-
behavior at temperatures below ∼ 77 K, Fig. 3.17. The high temperature part can be fitted using the

Figure 3.17: Temperature dependence of center shift for FeTe0.8S0.2 (sample S5), with the high-
temperature part fitted with the Debye model.

Debye model with a Debye temperature of ΘD = 405 K.

Also Seebeck measurements were done for obtaining information of the charge-carrier type in
FeTe0.8S0.2, Fig. 3.18. The negative Seebeck coefficient indicates a conductivity of n-type with
electrons as the charge carriers in the chalcogenide FeTe1−xSx superconductors.

Figure 3.18: Seebeck measurement for FeTe0.8S0.2 (sample S5).



CHAPTER IV

Iron-chalcogenide compounds FeSe1−x: synthesis and analysis

4.1 Motivation

Before the discovery of iron-based superconductors FeSe was a well known as a commercially
available material and the structure of this material was thoroughly studied [61, 62]. Similar to
FeTe this material has a layered structure with Fe2Se2 layers [30, 63] allowing a third type of atoms
to be intercalated to the interlayer spaces. Among the new superconductors FeSe has the simplest
structure and exhibits superconducting properties at an optimal 1:1 stoichiometric composition of
Fe and Se even without doping [3]. The superconductivity transition temperature in FeSe is be-
low ∼8 K [3, 67]. One of the routes for increasing the transition temperature is application of an
external pressure [64, 65]. Several phases can form during the FeSe synthesis: α-FeSe, β-FeSe
and γ-FeSe [3, 66], that are dependent on the stoichiometry and the temperature of the synthesis
[62, 67]. These phases have different structures, but only the tetragonal (β) phase shows supercon-
ductivity properties below Tc ≈ 8 K [3, 67]. The tetragonal phase is in the paramagnetic state at
room temperature. This phase undergoes a tetragonal-to-orthorhombic structural transition at 70 –
90 K but this transition is not accompanied by a magnetic transition as it is for FeTe. In case of
selenium deficiency non-stoichiometric superconducting FeSe1−x material show a magnetic order-
ing under an applied hydrostatic pressure [4, 68]. Other non-superconducting phases of FeSe show
a magnetically ordered structure at normal conditions.

Paramagnetic FeSe phase should exhibit a single paramagnetic doublet in the Mössbauer spectrum
at room temperature. Due to observations in earlier experimental works [69, 70] of a "strange"
additional paramagnetic doublet in the Mössbauer spectra, we decided to examine more closely
the properties of non-stoichiometric FeSe and its synthesis conditions. In other words, we tried to
optimize the conditions for obtaining the strange phase and then characterize its properties. The
binary composition Fe1−xSex has a very rich phase diagram, Fig. 4.1. Therefore, the existence of
hitherto undescribed phases is perhaps not very astonishing.

4.2 Preparation of samples

For the investigation of polycrystalline FeSe1−x phases samples with x = 0.1, 0.18, 0.25 and 0.4
were produced using a solid-state reaction method. The appearance of the secondary phase was
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Figure 4.1: FeSe phase diagram [62].

found to require a second synthesis step. A two-step solid-state reaction at temperatures of 650 ◦C
and 750 ◦C was used for the preparation of the samples. One of the synthesis-temperature values
(650 ◦C) was taken from literature [69, 71].

Stoichiometric ratios 1:(1-x) of iron (99.99%) and selenium (99.99%) powders were mixed, sealed
in evacuated quartz tubes, annealed at 650◦C for 20 h, and quenched into cold water. The obtained
samples were denoted series I. Thereafter, the samples were reground in a mortar, pressed into
pellets and sintered again at the same synthesis conditions. After 20 h the samples were quickly
taken out of the furnace and quenched into cold water. These samples were denoted series II.
Polycrystalline FeSe1−x samples series III and IV were synthesized by the same scheme but using a
higher synthesis temperature of 750◦C. Samples which were obtained after the first 750◦C-synthesis
step were marked series III, and samples which were obtained after second 750◦C-synthesis step
were marked series IV.

4.3 Characterization of FeSe1−x

Mössbauer spectroscopy was used for observation of the secondary phase arising in the obtained
samples. 57Fe Mössbauer spectra were recorded in transmission geometry with Doppler velocities of
∼8.00 mm/s and 2.5 mm/s. High-velocity spectra reveals the presence of impurity phases and low-
velocity spectra give information about the interesting paramagnetic secondary phase. Mössbauer
spectra were recorded in the temperature interval of 77 - 300 K using an Oxford CF506 continuous-
flow cryostat for low-temperatures measurements and a year-old Cyclotron Co, 57Co:Rh source.
The following fit parameters were used: line width (Γ), quadrupole splitting (QS = eQVzz/2), iso-



4.3 Characterization of FeSe1−x 45

mer shift (δ), component intensities (I), and magnetic hyperfine field (Beff ) for magnetically-split
components. Isomer shift values are quoted relative to α-Fe at room temperature.

Samples from series I and III do not show presence of the additional paramagnetic doublet, whereas
samples which were obtained using two synthesis steps followed by quenches show the presence
of this secondary phase. Room temperature Mössbauer spectra of series II samples synthesized at
650 ◦C are shown in Fig. 4.2. Using the spectral parameters, the percentage of the additional phase

Figure 4.2: RT Mössbauer spectra of FeSe1−x (x = 0.4, 0.25, 0.18, 0.1) series II samples syn-
thesized at 650 ◦C. Green, blue, cyan and red lines indicate the paramagnetic main doublet,
elementary iron, Fe7Se8 and secondary phase, respectively.

was ∼12.4%, 7.6%, 9.9%, and 9% from the total spectral area for series II samples with x = 0.4,
0.25, 0.18, 0.1, respectively. By increasing the synthesis temperature to 750◦C the secondary phase
percentage increased to ∼18%. The samples from series III, obtained at the highest temperature
(750 ◦C), did not show presence of the secondary paramagnetic phase, whereas in the spectra of se-
ries IV the additional paramagnetic doublet was visible for the all samples, Fig. 4.3. The secondary
phase content was found to be ∼18% of the total spectral area of the sample FeSe0.75 (series IV).
Obtained Mössbauer parameters for all spectra of series IV samples are presented in Table 4.1.

Due to the sample stoichiometry with excess iron a magnetically split component of metallic Fe
was observed in all Mössbauer spectra starting from RT, Fig. 4.4. This impurity component is most
intense in the FeSe0.6 compound (33% of total spectral area) and is only 3% for FeSe0.9 sample,
see Table 4.1 and Fig. 4.4. Magnetic separation can be used for removing of this iron impurity, as
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Figure 4.3: Mössbauer spectra of FeSe1−x (x = 0.4, 0.25, 0.18, 0.1) series IV samples at room
temperature. Green, blue and red lines indicate the paramagnetic main doublet, elementary
iron and secondary phase, respectively. Lines (cyan) due to magnetic Fe7Se8 are visible in the
background. This picture was taken from Publication 4.
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Table 4.1: Parameters of the FeSe1−x Mössbauer spectra at RT and around magnetic transition
temperature (Tm). For the secondary component P denotes paramagnetic and M magnetic. The
table was taken from Publication 4.

origin T , K Γ, mm/s δ, mm/s QS, mm/s Beff , T A1, % Tm, K
FeSe0.6

FeSe 298 0.276(5) 0.458(5) 0.25(5) – 42(2) 101
2nd (P ) 0.276(5) 0.853(5) 1.69(5) – 12(2)

FeSe 102 0.298(5) 0.549(5) 0.29(5) – 43(2)
2nd (P ) 0.298(5) 0.884(5) 1.61(5) – 4(2)
2nd (M ) 0.517(9) 0.90(9) 0.19(9) 12.3(7) 10(2)

FeSe 98 0.311(5) 0.551(5) 0.30(5) – 42(2)
2nd (P ) – – – –
2nd (M ) 0.811(7) 0.90(5) 0.08(8) 11.9(9) 13(2)

FeSe0.75
FeSe 298 0.301(5) 0.495(5) 0.25(5) – 53(2) 101.5

2nd (P ) 0.301(5) 0.886(5) 1.71(5) – 18(2)
FeSe 102 0.291(5) 0.555(5) 0.28(5) – 50(2)

2nd (P ) 0.291(5) 0.982(5) 1.71(5) – 8(2)
2nd (M ) 0.605(9) 0.812(7) 0.056(9) 10.1(8) 10(2)

FeSe 101 0.298(5) 0.548(5) 0.29(5) – 49(2)
2nd (M ) 1.03(9) 0.841(9) -0.27(7) 9.8(9) 23(2)

FeSe0.82
FeSe 298 0.361(5) 0.491(5) 0.24(5) – 64(2) 103

2nd (P ) 0.361(5) 0.901(5) 1.72(5) – 15(2)
FeSe 104 0.316(5) 0.548(5) 0.29(5) – 63(2)

2nd (P ) 0.316(5) 0.951(5) 1.80(5) – 14(2)
FeSe 102 0.299(5) 0.541(5) 0.291(5) – 56(2)

2nd (M ) 0.697(8) 0.955(9) 0.12(9) 7.5(9) 17(2)
FeSe0.9

FeSe 298 0.278(5) 0.445(5) 0.25(5) – 67(2) 104
2nd (P ) 0.278(5) 0.851(5) 1.71(5) – 17(2)

FeSe 106 0.291(5) 0.547(5) 0.29(5) – 63(2)
2nd (P ) 0.291(5) 0.957(5) 1.74(5) – 18(2)

FeSe 102 0.290(5) 0.551(5) 0.29(5) – 63(2)
2nd (P ) 0.290(5) 0.953(5) 1.76(5) – 6(2)
2nd (M ) 0.688(9) 0.719(9) 0.063(8) 10.7(7) 16(2)

FeSe 77 0.323(5) 0.554(5) 0.30(5) – 62(2)
2nd (M ) 0.441(7) 0.935(7) 0.058(9) 16.3(8) 21(2)

1 Metallic Fe portions of ∼33 %, ∼17 %, ∼12 % and ∼3 % at all indicated temperatures were
found for samples with x = 0.4, 0.25. 0.18 and 0.1, respectively. Fe7Se8 portions of ∼12 %,
∼13 %, ∼16 % and ∼14 % at all indicated temperatures were found for samples with x = 0.4,

0.25. 0.18 and 0.1, respectively.
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Figure 4.4: High-velocity Mössbauer spectra of FeSe1−x (x = 0.4, 0.25, 0.18, 0.1) series IV
samples at room temperature. Green, blue, cyan and red lines indicate the main paramagnetic
doublet, elementary iron, Fe7Se8 and secondary phase, respectively.
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pure iron is ferromagnetically ordered at room temperature. The FeSe0.6 sample with the largest iron
content was cleaned using this method. The sample powder was collected on the magnet surface and
the non-ferromagnetic part was separated by shaking the magnet handle. The result of the magnetic
separation is shown in Fig. 4.5. Only a small trace of pure iron is visible in the FeSe0.6 spectrum

Figure 4.5: High-velocity RT 57Fe Mössbauer spectra of FeSe0.6: as-synthesized (a) and after
removing of metallic Fe with a magnet (b).

after removing of metallic Fe, which means that in the future the magnet treatment can be used for
processing FeSe1−x samples.

A Mössbauer study of the secondary phase in FeSe1−x samples of series IV was made. The exact
phase content was studied by X-ray powder diffraction and a comparison of series III and IV samples
was made. Obtained XRD patterns for FeSe0.6 and FeSe0.9 samples are shown in Figs. 4.6 and 4.7.

XRD patterns were fitted using the Rietveld method. Fit results revealed the presence of the FeSe
main phase, an unknown Fe-Se phase, Fe7Se8, and elementary Fe. The peaks from the unknown
Fe-Se phase are noticeably sharper than the peaks from main phase and their intensity increases
after the second sintering. The PDF-4 database does not contain this secondary phase. Peaks of
this phase were already observed on XRD patterns in several works but were not identified by the
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Figure 4.6: X-ray powder diffraction patterns for series III and series IV FeSe0.6 samples. Main
peaks of the secondary phase component are denoted by asterisks. Indices concern the main
β-FeSe phase. This figure was taken from Publication 4.
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Figure 4.7: X-ray powder diffraction patterns for series III and series IV FeSe0.9 samples. Main
peaks of the secondary phase component are denoted by asterisks. Indices concern the main
β-FeSe phase. This figure was taken from Publication 4.
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authors [3, 72]. Using the FullProf software approximate unit cell parameter of this unknown phase
were found. The orthorhombic phase with lattice parameters a ≈ 8.52 Å b ≈ 6.96 Å, and c ≈ 4.90
Å describes all reflections of the secondary phase. The most intensive reflections are marked by
asterisks on the XRD patterns, Fig. 4.6 and Fig. 4.7.

Superconducting properties were studied for the series IV samples with FeSe0.82 and FeSe0.9 sto-
ichiometry. Magnetic susceptibility versus temperature curves are given in Fig. 4.8. Both curves
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Figure 4.8: Magnetic susceptibility vs. temperature for FeSe0.82 (a) and FeSe0.9 (b) series
IV samples obtained in field-cooling (FC) and zero-field-cooling (ZFC) regimes of the SQUID
measurements.

show a down turn of the magnetic susceptibility at ∼8 K, that coincides with the literature value for
the superconducting transition for the main phase [3, 67].

Mössbauer spectra of the series IV samples were recorded in the temperature interval of 77–300 K.
At room temperature these spectra contain two paramagnetic doublets and several magnetic sextets,
Fig. 4.4. Magnetic sextets are attributed to metallic iron and Fe7Se8 impurities. One of the param-
agnetic doublets with δ = 0.44 mm/s and eQVzz/2 ≈ 0.25 mm/s can be assigned to the main FeSe
phase, which probably remains stoichiometric, whereas variation of x was done only to promote
the formation of the secondary phase, even on the expense of obtaining more Fe7Se8 and metal-
lic Fe. The isomer shift and quadrupole splitting values for the paramagnetic doublet from FeSe
phase coincide with the tetragonal β-FeSe and the isomer shift is compatible with the low-spin state
of divalent iron [73]. The second doublet with the quadrupole splitting value of ∼1.7 mm/s and
δ ≈ 0.9 mm/s is due to the unknown phase. The isomer shift value of the second paramagnetic
doublet is compatible with high-spin Fe2+ [70].

Upon decreasing temperature the secondary phase undergoes a magnetic transition below ∼106 K,
Fig. 4.9. Mössbauer measurements using small temperature steps of 0.5–1 K were made around
transition temperature. For FeSe0.9 sample the magnetic transition temperature (Tm) was found to
be ∼105 K. The main component does not show any changes around Tm, indicating that the main
phase and the secondary phase are well separated. The parameter values at temperatures around
Tm are presented in Table 4.1. For all samples Mössbauer spectra at temperatures below 77 K were
recorded. No significant changes in the spectral shapes were observed, Fig. 4.10.
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Figure 4.9: Mössbauer spectra of the FeSe0.9 series IV sample recorded at temperatures around
the magnetic transition temperature of the secondary phase. Green and red lines are due to the
main phase and secondary phase, respectively. Weak lines due to metallic Fe (blue) and magnetic
Fe7Se8 (cyan) are visible in the background.
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Figure 4.10: Mössbauer spectra of the FeSe0.82 (a) and FeSe0.9 (b) series IV samples recorded
at indicated temperatures. Green and red lines are due to the main phase and secondary phase,
respectively. Weak lines due to metallic Fe and magnetic Fe7Se8 are visible in the background.



CHAPTER V

Iron-pnictide compounds AFe2(As1−xPx)2: synthesis and study

5.1 Motivation

Pnictide superconductors show a variety of physical and chemical properties. One of these proper-
ties is coexistence between magnetism and superconductivity that several of these compounds have
in the superconducting state [16, 74, 75]. Some of the phosphorus-doped materials AFe2(As1−xPx)2
also show this coexistence and Ba/EuFe2(As1−xPx)2 compounds were chosen for Mössbauer spec-
troscopy studies, as detection of magnetic ordering is easy.

The parent AFe2As2 compounds of our investigated objects have the same ThCr2Si2-type crystal
structure with tetragonal I4/mmm arrangement at room temperature, Fig. 5.1.

Figure 5.1: Ba/EuFe2As2 crystal structure.

In the 140 K – 200 K temperature interval the tetragonal lattice undergoes a structural transition to
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orthorhombic Fmmm that is accompanied by spin density wave effect [76–80]. Although the parent
BaFe2As2 and EuFe2As2 materials do not show a superconducting transition at any temperatures
down to 4 K, superconductivity in both compounds can be induced by replacing a part of the arsenic
atoms by phosphorus atoms. Such substitution does not change the compounds charge but creates
an internal pressure due to the difference in atomic radii of As and P atoms and gives rise to a
superconducting volume fraction [81–83]. Superconductivity in AFe2(As1−xPx)2 appears in the
narrow phosphorus concentration range of x = 0.2 – 0.6 for A = Ba and x = 0.14 – 0.23 for A = Eu
[83–85]. The narrowness of the optimal concentration range may partially explain the coexistence
between magnetism and superconductivity mentioned above [74, 75].

It was interesting to study the hyperfine interactions in Ba/EuFe2(As1−xPx)2 compounds by Möss-
bauer spectroscopy and obtain the information about local iron atoms environment over the samples
volume. For the study stoichiometries with x = 0.32 for the Ba-sample and x = 0.20 for the Eu-
sample were chosen and, thanks to the presence of Eu, the europium sample was also studied by
151Eu along with 57Fe Mössbauer spectroscopy.

5.2 Sample preparation

The solid-state synthesis reaction method was used for the preparation of samples with the nomi-
nal compositions of BaFe2(As0.68P0.32)2 and EuFe2(As0.8P0.2)2. For both the samples stoichiomet-
ric ratios of iron powder (99.99%), barium pieces (99.9%) (or europium pieces), arsenic pieces
(99.999%), and phosphorus powder were mixed, placed inside an alumina crucible and sealed into
an evacuated quartz tube. Two reaction steps were used. For the Ba-sample, in the first annealing
step, the powder mixture was slowly heated up to 600 ◦C for 18 h, annealed at this temperature at 3 h
for prevention of phosphorus evaporation outside the mixture. After that the reaction temperature
was increased up to 850 ◦ and the mixture was annealed at this temperature for 10 h, and slowly
cooled down to room temperature. For the Eu-sample the heating time from room temperature up
to 1050 ◦C was 10 h and the annealing time was 36 h with natural cooling to room temperature
inside the furnace. In the second synthesis step the obtained samples were reground, pressed into
pellets, and sintered again at 950 ◦C for 25 h. Both the preparation of the mixtures and the grinding
processes were made inside a glove box with an inert Ar atmosphere.

5.3 Characterization of the Ba/EuFe2(As1−xPx)2 samples

For the characterization of the obtained samples X-ray powder diffractometry (PanAnalytical X’pert
Pro MPD, CuKα1 radiation) and SQUID measurements (Quantum Design, MPMS-XL) were used,
which gave information of phase purity and superconducting properties.

The XRD patterns of the obtained polycrystalline samples are presented in Fig. 5.2. According to the
obtained results both samples have a tetragonal ThCr2Si2-type crystal structure (I4/mmm) of the
main AFe2(As1−xPx)2 phase. The presence of preferred orientation along the 00l direction was also
seen on the XRD patterns and this effect due to powder sedimenting was taken into account during
the fit by the Rietveld method. The fitting was carried out using the FullProf software program.
From the data analysis the following lattice parameters were found: a = 3.928 Å and c = 12.824 Å
for the Ba-sample, and a = 3.901 Å and c = 11.934 Å for the Eu-sample. A shrinkage of the lattice
parameters in comparison with undoped samples was observed and this is typical for substituted
materials [86].
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Figure 5.2: X-ray powder diffraction pattern for the BaFe2(As0.68P0.32)2 (a) and
EuFe2(As0.8P0.2)2 (b) samples. The peaks from the Fe2P and an unknown impurity are indi-
cated. This picture was taken from Publication 5.
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From Fig. 5.2 it can be seen that the XRD pattern of the Ba-sample shows, besides the main phase,
presence of a Fe2P impurity and some quantity of an unknown phase, the recognition of which failed
in an earlier study [87]. The XRD pattern of the Eu-sample consists of the main phase and a small
quantity of an unknown phase.

Superconductivity properties were studied by SQUID measurements (Quantum Design, MPMS-
XL) in zero-field-cooled (ZFC) and field cool (FC) regimes. SQUID data of the Eu-sample shows
the typical, for this material, increase of the magnetic susceptibility at low temperatures due to the
magnetic ordering of the Eu2+ atoms at 19 K [82] (Fig. 5.3(b)). The Ba-sample shows a sharp drop
to negative values of the magnetic susceptibility at 30 K indicating the superconducting transition
at this temperature, Fig. 5.3(a). Due to the high-Tc value the estimated phosphorus concentration is
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Figure 5.3: Magnetic susceptibility vs. temperature for BaFe2(As0.68P0.32)2 (a) and
EuFe2(As0.8P0.2)2 (b) samples obtained in 10 Oe field-cooling (FC) and zero-field-cooling
(ZFC) regimes of the SQUID measurements. This picture was taken from Publication 5.

x ≈ 0.3 [81]. The positive background from the ferromagnetic Fe2P impurity was removed from
the SQUID data of the Ba-sample. An attempt of removing this ferromagnetic impurity out of the
Ba-sample by a third annealing step at 1050 ◦ for 25 h was made. The comparative SQUID picture
for the Ba-samples after the second and the third annealing step is shown in Fig. 5.4. After the
third reaction a three-fold reduction of the positive background was observed in the SQUID data,
but, according to XRD, new impurity phases emerge instead. That is why we used the Ba-sample
obtained after two synthesis for further studies.

The hyperfine interactions in the samples were studied by Mössbauer spectroscopy using 57Fe and
151Eu resonances in transmission geometry with Doppler velocities of 4.50 mm/s and 2.50 mm/s
for 57Fe measurements and 16.53 mm/s for 151Eu measurements. The Ba-sample was studied by
57Fe Mössbauer spectroscopy in the temperature range from 6.1 K up to 310 K with an Oxford
continuous-flow cryostat and coolants of liquid He and liquid N2 for achieving the temperatures
below and above 77 K, respectively. For the Eu-sample 57Fe Mössbauer spectra in the temperature
range from 77 K up to 310 K were obtained while the 151Eu Mössbauer spectrum was recorded at
room temperature.
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Figure 5.4: Magnetic susceptibility vs. temperature for BaFe2(As0.68P0.32)2 samples synthe-
sized by a two-step (a) and three-step (b) reaction. 10 Oe field-cooling (FC) and zero-field-
cooling (ZFC) regimes are indicated on the pictures.

The room temperature 151Eu Mössbauer spectrum of the Eu-sample is shown in Fig. 5.5. The
spectrum shows the presence of one paramagnetic component. For fitting this spectrum an eight-
line model was used for the unresolved quadrupole interaction. The obtained isomer-shift value
IS ≈ -12 mm/s indicates that the Eu atoms occupy the +2 valence state.

The 57Fe Mössbauer spectra of both the Eu- and Ba-samples recorded at room temperature consist
of one asymmetric doublet due to the mainAFe2(As1−xPx)2 phase, Fig. 5.6 (a) and (b). One possible
origin of this asymmetry is the texture effect. For excluding of this possibility room temperature 57Fe
Mössbauer spectra were recorded in the magic angle (54.74◦ ) between the normal of the sample’s
plane and the gamma-quanta propagation direction, Fig. 5.6 (c) and (d). As can be noticed, no
significant changes in the spectral shapes are observed.

For the fit procedure of the Eu-sample, inclusion of two components gives a good description of
this asymmetric doublet. The fitting resulted in the isomer-shift (IS) values of 0.33 mm/s and
0.56 mm/s, and quadrupole-splitting (QS) values of 0.119 mm/s and 0.06 mm/s for the first (more
intensive) and the second component, respectively. Similarly, the asymmetric doublet of the Ba-
sample spectrum consists two doublets with IS = 0.34 mm/s and 0.44 mm/s, and QS = 0.216 mm/s
and 0.003 mm/s for the first (more intensive) and the second component, respectively, Fig. 5.6 (b).
The values of the isomer shift are compatible with the low-spin state (S = 0) of Fe2+. The literature
values for the hyperfine parameters of the two extremesAFe2As2 andAFe2P2 are IS = 0.31/0.41 mm/s,
QS = -0.03/0.07 mm/s, and IS = 0.28/0.28 mm/s, QS = 0.22/0.16 mm/s for compounds with
A = Ba/Eu, respectively [77, 86, 88–90]. Comparing the obtained parameters for our two subspec-
tra with the literature data the two components of the asymmetric doublets look very similar to these
extreme cases.

Assuming both components originate from the main phase, the following prediction about the ori-
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Figure 5.5: 151Eu Mössbauer spectra of the EuFe2(As0.8P0.2)2 sample recorded at room temper-
ature. The eight lines are due to the unresolved quadrupole interaction, completely determined
(i.e. position and intensity) by the value of Vzz .

gin of these components can be done: one of them (with the large quadrupole splitting) is due to
the AFe2(As1−xPx)2 phase, and the second (with the small quadrupole splitting) is due to the pure
AFe2As2 structure. In the AFe2As2 structure one iron atom is tetragonally coordinated by four near-
est neighboring arsenic atoms. Simple calculations using the binomial distribution of phosphorus
atoms in substituted compounds indicate that the most likely number of nearest phosphorus atoms,
tetrahedrally coordinated to Fe, is 0 or 1 (see Table 5.1). This could explain the observed com-
plex structure of the RT Mössbauer spectra: two paramagnetic doublets with a larger and a smaller
quadrupole splitting originate from the two possible Fe atom surroundings containing one or zero
phosphorus atoms, respectively.

Table 5.1: Isomer shift- and quadrupole splitting values. Experimental and calculated (binomial
model) values of line intensities of Ba/EuFe2(As1−xPx)2 Mössbauer spectra recorded at RT.
This Table was taken from Publication 5.

EuFe2(As0.8P0.2)2 BaFe2(As0.68P0.32)2
1st component 2nd component 1st component 2nd component

IS, mm/s 0.33 0.56 0.34 0.44
QS, mm/s 0.119 0.060 0.216 0.003
I(exp), % 76 24 79 21

I(binomial), % 59 41 76 24
Assignment 1P3As∗ 4As 1P3As∗ 4As

∗ includes surroundings 2P2As, 3P1As and 4P.

Low-temperature 57Fe Mössbauer spectra were also measured. Spectra of the Ba- and Eu-samples
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Figure 5.6: Room temperature Mössbauer spectra of EuFe2(As0.8P0.2)2 (a, c) and
BaFe2(As0.68P0.32)2 (b, d) with γ-ray beam parallel to sample normal (a, b), and in the magic
angle (c, d). Components used in the fit were a paramagnetic doublet (green) and an unresolved
doublet (violet). This picture was taken from Publication 5.
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recorded at selected temperatures are shown in Figs. 5.7 and 5.8. As seen from Fig. 5.7 the main
doublet of the Ba-sample remains asymmetric even at temperatures below ∼270 K, while the Fe2P
impurity undergoes a magnetic transition [91–93], which allows us to exclude the possibility that
this phase causes the doublet asymmetry.

At lower temperatures (below ∼140 K) a small broadening of the main doublet of the 57Fe Möss-
bauer spectra was observed for both the Ba- and the Eu-sample. This broadening remains visible
down to 6.1 K (for Ba-sample) and 77 K (for Eu-sample). During the fit procedure, the second
component with the small quadrupole splitting value can be fitted by a paramagnetic doublet with a
magnetic field distribution whereas the first component of the main phase in the Ba- and Eu-samples
is essentially identical to the room temperature cases. It is known that in the parent AFe2As2 com-
pounds spin-density wave (SDW) behavior was observed below ∼140 K and these materials un-
dergo a magnetic transition at this temperature [86, 94]. The presence of SDW behavior below
∼140 K in one of our samples (Ba-sample) is visible in the SQUID data, Fig. 5.3, where the devi-
ation of the ZFC curve from a straight line is observed. The observed SDW behavior also suggests
that this spectral component can be assigned to the iron atoms with a pure arsenic surrounding. Also
the conclusion about coexistence of magnetism and superconductivity in the BaFe2(As0.68P0.32)2 as
well as EuFe2(As0.8P0.2)2 samples can be made based on the fact that the broadening of the main
component is visible in the spectra down to lowest measuring temperatures (6.1 K for the Ba-
sample).

A more detailed explanation of the complex main component of the RT Mössbauer spectra can
be constructed from a study of the iron-atom surroundings. As mentioned above, in the parent
compound AFe2As2 one iron atom is coordinated by four neighboring arsenic atoms. Therefore in
the arsenic-substituted AFe2(As1−xPx)2 material one iron atom can have from one to four nearest
phosphorus atoms in its surrounding. The number of phosphorus atoms in the iron surrounding
influences the hyperfine properties of Fe and, thus, shape of the Mössbauer spectrum. X-ray powder
diffraction can not detect this effect because no long-range ordering between P and As occurs.

According to the binomial distribution of the phosphorus atoms the iron environments with 2 or 3
phosphorus atoms also give a contribution to the quadrupole splitting. These contributions were
included in the value of the quadrupole splitting (and intensity) for the dominating 1P3As envi-
ronment. However, due to chemical reasons the possibility for having several phosphorus nearest-
neighbors may differ from such a statistic model. This can be reason behind the differences between
experimental and binomial calculated values is observed in the Table 5.1.

The dependence of the quadrupole splitting value on the iron surrounding and the number of phos-
phorus in the surrounding was studied by DFT calculations. The calculations were made using the
ORCA program version 3.0.2 [95, 96]. The quadrupole splitting parameter (∆EQ) can be calculated
using the components of the tensor of the electric field gradient (EFG):

∆EQ =
1

2
eQVzz

√
1 +

1

3
η2, (5.1)

where Vxx, Vyy and Vzz are the principal components of the EFG tensor at the iron nuclei, e is the
electron charge, Q the nuclear quadrupole moment and η the asymmetry parameter:

η =
∣∣∣Vxx − Vyy

Vzz

∣∣∣, (5.2)



5.3 Characterization of the Ba/EuFe2(As1−xPx)2 samples 63

Figure 5.7: 57Fe Mössbauer spectra of BaFe2(As0.68P0.32)2 recorded at 6.1 K, 77 K and 310 K.
Components due to the paramagnetic doublet and the unresolved doublet which broadens mag-
netically (green and violet, respectively), and the magnetic Fe2P impurity (blue and red) are
indicated. This picture was taken from Publication 5.
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Figure 5.8: 57Fe Mössbauer spectra of EuFe2(As0.8P0.2)2 recorded at 77 K and 310 K. Compo-
nents due to the paramagnetic doublet and the unresolved doublet which broadens magnetically
(green and violet, respectively) are indicated. This picture was taken from Publication 5.
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where the labeling of the axes are chosen to achieve |Vxx| ≤ |Vyy| ≤ |Vzz|. The EFG tensor was
found from the ground state electron density as an expectation value of the field gradient operator
[95].

Calculations for a cluster containing one iron atom and four neighbors were made for the five situ-
ations with four arsenic (4As), one phosphorus and three arsenic (1P3As), two phosphorus and two
arsenic (2P2As), three phosphorus and one arsenic (3P1As), and four phosphorus (4P) which were
taken as nearest atoms to the iron atom in the center of the cluster.

During the calculations the B3LYP hybrid density functional in the NORI approximation with a
Gaussian-type basis set TZVP of Ahlrichs for the geometry optimizations with "SpecialGrid7" [97]
were used. A standard enlarged CP(PPP) basis set for iron atoms was used for the quadrupole-
interaction calculation. The experimentally found iron-low-spin-state (S = 0) approximation was
taken as a starting point and an increased value of iteration steps (up to 2000) were used in the
more difficult cases of 1As3P and 1As2P iron environments. The coordinates of Fe, As and P
atoms were taken from the experimental XRD data. Calculated and experimentally found data of
quadrupole splitting value are presented in Table 5.2. It is seen that the calculated quadrupole-

Table 5.2: Calculated (using DFT) and experimental quadrupole splitting values. This Table
was taken form Publication 5.

calc. QS, mm/s exp. QS, mm/s
4As 1P3As 2P2As 3P1As 4P 1st comp.∗ 2nd comp.∗∗

EuFe2(As0.8P0.2)2
0.077 0.164 0.383 0.723 0.996 0.119 0.060

BaFe2(As0.68P0.32)2
0.041 0.264 −0.207 0.834 −0.211 0.216 0.003

η values for BaFe2(As0.68P0.32)2
0.057 0.069 0.844 0.235 0.344 – –

∗ assigned to 1P3As; ∗∗ assigned to 4As.

splitting values for iron atom that has one phosphorus, three arsenic (1P3As) and four arsenic (4As)
in the environment are in good agreement with the experimental values. The obtained calculation
results confirm the preferred formation of iron atom surrounding with 1P3As and 4As neighbors
in AFe2(As1−xPx)2 (A =Ba, Eu) compounds during the substitution process and confirm a distinct
difference in hyperfine-parameter values.



CHAPTER VI

Conclusions

Chalcogenide- and pnictide-based polycrystalline samples of iron-based superconductors were suc-
cessfully synthesized by solid-state reaction and the properties of these samples were studied.

Polycrystalline samples of Fe-chalcogenide FeTe1−xSx with x = 0.05, 0.10 and 0.20 were synthe-
sized by a vacuum solid-state reaction method. The purity of the synthesized samples was checked
by powder X-ray diffraction. Mössbauer spectroscopy gave also additional information about phase
content in the samples. The superconducting transition temperature Tc ≈ 8K was found by SQUID
measurements for all obtained samples, excluding the sample having x = 0.05. The influence of
the number of sintering times on the phase content and superconductivity properties of obtained
materials was studied. Improvement of superconductivity transition using oxygen post-annealing
was achieved for FeTe0.8S0.2. Mössbauer spectroscopy data obtained below and above Tc showed
the creation of a low-temperature (below ∼77 K) magnetic ordering of a part of the main phase.
The temperature dependence of this internal magnetic field was studied. An unusual behavior of the
hyperfine field for the Fe atoms belonging to the antiferromagnetic regions was observed and the
evolution of the magnetic hyperfine field for samples FeTe1−xSx, x = 0.05 to 0.20, was reported.

For the non-superconducting sample (x = 0.05) the temperature dependence of the average internal
magnetic field shows a straight line which increases from∼77 K to the lowest measured temperature
of 6.8 K. For the superconducting samples FeTe0.8S0.2 and FeTe0.9S0.1 the internal field depended
on the superconductivity transition temperature. The internal field value increases up to Tc and then
drops below Tc. This result, as well as the observed temperature dependencies of the magnetic frac-
tion in the sample FeTe0.8S0.2 and the intensity ratio in the FeTe0.8S0.2 (S2), indicates the existence
of a competition between magnetism and superconductivity in FeTe1−xSx and the suppression of
the magnetic ordering by the emerging superconductivity.

Fe-chalcogenide FeSe1−x samples were synthesized by a vacuum solid-state reaction method. An
evasive secondary phase with a large quadrupole splitting value of ∼1.7 mm/s was the object of our
study. It was found that this secondary phase appears in the sample along with the main paramag-
netic phase only after the second synthesis step. A quench into a liquid nitrogen or cold water was
used during the synthesis. Optimization of the synthesis conditions employing a higher synthesis
temperature of 750◦C, gave more intensive Mössbauer resonance lines for the secondary phase.

Polycrystalline samples FeSe1−x with (1 − x) = 0.6, 0.75, 0.82 and 0.9 were synthesized by a
two-step reaction with a quench of the ampule into water or liquid N2, yielding samples exhibiting
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presence of the secondary phase. X-ray diffraction data couldn’t be matched to any known phase
from PDF4 database; the XRD data refinement in compatible with an orthorhombic phase with
lattice parameters a ≈ 8.52 Å, b ≈ 6.96 Å, and c ≈ 4.90 Å.

A superconductivity transition at ∼8 K for the main phase was found in the samples FeSe0.82 and
FeSe0.9 by SQUID measurements of the temperature dependence of the magnetic susceptibility.

The hyperfine interactions in the obtained FeSe1−x samples were studied by Mössbauer spectroscopy.
The isomer shift value of the secondary phase is compatible with high-spin state divalent iron while
the main phase iron atoms are in a divalent low-spin state. According to the Mössbauer spec-
troscopy data taken at various temperatures this secondary phase undergoes a magnetic transition at
Tm≈104 K.

Polycrystalline phosphorus-substituted samples AFe2(As1−xPx)2 with A =Ba and Eu were synthe-
sized by a solid-state reaction method in an Ar atmosphere. Sample stoichiometries correspond to
BaFe2(As0.68P32)2 and EuFe2(As0.8P0.2)2. The obtained samples were examined by XRD, SQUID,
and 57Fe, 151Eu Mössbauer spectroscopy. For both the Ba- and Eu-samples two different Fe environ-
ments contribute to the 57Fe Mössbauer spectra. Isomer shifts values indicate a trivalent high-spin
state iron and divalent low-spin state iron in these components. The isomer shift of −12 mm/s con-
firms the +2 valence state of Eu atoms. Two observed components in the spectra were assigned to
the iron tetrahedral coordinations of 4As and 1P3As. Binomial distribution and DFT calculations
confirm this assignment.

Low-temperature Mössbauer spectroscopy results show a broadening of the component assigned to
4As down to 6 K, suggesting a magnetic ordering of iron atoms coordinated to four As atoms in
the main phase. Below the transition temperature of Tc = 30 K magnetic ordering coexists with
superconductivity for the Ba-sample.
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a b s t r a c t

A polycrystalline FeTe1�xSx sample was synthesized using a solid-state reaction method. Magnetization

data obtained in the zero-field cooling and field-cooling regimes revealed a superconductivity

transition with the critical temperature Tc � 10 K. 57Fe Mössbauer spectra were recorded in the

temperature interval from 5.4 to 300 K in transmission geometry to reveal three components below

77 K: two magnetic and one paramagnetic. One of the magnetic components and the paramagnetic

component belong to the FeTe1�xSx phase. Unusual behavior of hyperfine field for the smaller of the

magnetic components was observed, signifying possible competition between antiferromagnetism and

superconductivity.

& 2012 Published by Elsevier B.V.

1. Introduction

Three years ago a new type of high-Tc superconducting family
containing iron was discovered [1]. Along with iron, elements
from the chalcogenide (S, Se or Te) or pnictide (P or As) groups are
needed to form the superconducting phase. At the present time,
iron-based superconductors are intensively studied owing to the
fact that these materials show rather high critical temperatures.
Also one reason why iron-based superconductors have recently
attracted interest of researchers is the coexistence of super-
conductivity and magnetism in some of these materials [2,3].
Superconductors with simple structures like the 1:1 composition
for FeSe or FeA1�xBx where A is Te or K, and B is Se or S, are easy
to study due to the simplicity of preparation of such samples.
Investigating various material properties on either side of the
transition temperature may increase our understanding of the
mechanism of superconductivity in these materials. The FeTex

system with different values of x has been studied a lot [4].
It exhibits various structures depending on the Fe–Te ratio [4–6].
An iron excess causes structural transformation. Below 70 K the
Fe–Te compounds exhibit an antiferromagnetic ordering and do
not show superconducting properties. Superconductivity in these
materials starts to appear at the substitution of a part of the
tellurium by chalcogenide atoms like Se or S and is sensitive to
the amount of substituting atoms [7]. In contrast to the FeSe
phase where superconductivity can be enhanced by an applied
hydrostatic pressure [8], in FeTe1þx pressure does not bring forth

superconductivity. The synthesis of phase pure sulphur substi-
tuted samples FeTe1�xSx is a difficult process because tellurium
ions have big radii in comparison with the sulphur ions. With
increasing sulphur content in FeTe1�xSx impurity phases appear
due to the solubility limit of sulphur [9]. The coexistence of
superconductivity and antiferromagnetism has been reported for
FeTe1�xSx [10–12]. This makes it an interesting object of study as
compared to FeSe and Fe(Te,Se) in which the normal state is
magnetically unordered. In this work we synthesized a sample
with the nominal FeTe0:8S0:2 composition and studied the mag-
netic properties of it using 57Fe Mössbauer spectroscopy.

2. Experimental

A polycrystalline FeTe1�xSx sample was synthesized using a
solid-state reaction method. For production of the TeS precursor
material Te (ALDRICH Chemistry, 99.8%) and S (MERCK, DAB 6)
powders (1:1) were mixed, sealed in an evacuated quartz tube
and annealed at 400 1C for 12 h and furnace cooled to room
temperature. The sample was reground, mixed with Fe (Bureau of
Analysed Samples, Ltd, nominally 99.95%, but contains traces of
oxygen uptake during storage) and Te in appropriate quantities,
placed in an evacuated quartz tube and annealed at 600 1C for
12 h. The superconductivity properties were checked with SQUID
measurements (Quantum Design, MPMS-XL) in zero-field cooling
and field-cooling (10 Oe) regimes using a sample of 30 mg. Phase
purity was checked with X-ray diffraction using Cu K a1 radiation
(PanAnalytical X’Pert Pro MPD diffractometer) in an ordinary
y�2y geometry. 57Fe Mössbauer spectroscopy was used to inves-
tigate the magnetic properties. The sample was reground and
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50 mg of the powder was used for the Mössbauer absorbers. The
Mössbauer spectra were measured using a 57Co:Rh source in
transmission geometry with Doppler velocities of 8 mm/s, allow-
ing detection of magnetic phases. Measurements were done at
selected temperatures between 5.4 and 300 K. The sample was
cooled using an Oxford CF506 continuous-flow cryostat with
liquid He as a coolant below 77 K and liquid N2 at and above
77 K. All spectra were fitted with the following Mössbauer
parameters: hyperfine field for magnetic components, quadrupole
splitting, relative intensity and isomer shift relative to a-Fe. Three
components were used in the fitting procedure: one magnetic
component (C1) with a higher hyperfine field (32.6 T at 10 K),
a magnetic component (C2) with a small value of the hyperfine
field (9.2 T at 10 K), and a paramagnetic component (C3). The line
widths of components C2 and C3 were constrained to be equal.
The internal field of the magnetic components exhibited broad-
ening. Therefore, a gaussian distribution of the field with the
width DB as a fit parameter was included. For the paramagnetic
component the angle between wave vector and the z-axis of
the electric field gradient was entered as a fit parameter that
indicates a crystalline texture for the main phase of our sample.
The angle was fixed to the room temperature value at tempera-
tures below 77 K.

3. Results and discussion

The phase composition of the FeTe1�xSx sample was checked
by X-ray powder diffraction, Fig. 1. The XRD pattern revealed that
the sample consists of FeTe1�xSx as a majority phase but shows
also presence of FeS and FeTe2. It was also observed that the
FeTe1�xSx phase has a strong preferred orientation along 00l
direction. To obtain the fractional amounts of each phase, the
pattern was refined using the Rietveld method and the program
FullProf [13]. To take the preferential orientation into account, the
modified March function (integrated in the software package)
was applied. This led to satisfactory fit result, as presented in
Fig. 1. The refined texture parameter indicated plate-type crystals,
consistent with visual observation. The refined fractional portions
of each phase were ca. 93%, 2% and 5% for FeTe, FeS and FeTe2,
respectively. Sulphur atoms can replace a part of the tellurium
atoms and the value of the c parameter will reveal the S
concentration [14]. The c lattice parameter was fitted to 6.275 Å

indicating a 3.9% uptake of S. SQUID data obtained in the ZFC
regime reveal the onset of a superconductivity transition with the
critical temperature Tc � 10 K, Fig. 2. From studies of similar
compounds it is known that the superconducting fraction in
FeTe1�xSx increases with exposure of the sample to air, annealing
in an oxygen atmosphere or by immersing the sample in water
[6,15]. Due to using as-synthesized sample – without any addi-
tional procedures – the magnetic moment in the FC regime does
not show a proper superconducting transition and the magneti-
zation curve in ZFC regime only starts to show a down turn. Such
behavior indicates that the superconductivity volume fraction is
very small. At 125 K the magnetic moment curve shows an
anomaly. It coincides with the Verwey transition of magnetite.
The Mössbauer spectra do not show presence of magnetite as
the high-velocity spectra were not measured to high enough
statistics.

Selected Mössbauer spectra are shown in Fig. 3. Up to 77 K all
spectra were fitted by two magnetic components (C1) and (C2)
and one paramagnetic doublet (C3). One of the magnetic compo-
nents in the spectra – C1 – can be attributed to an impurity phase.
The impurity magnetic component covers � 40% at 5.4 K and
� 30% of the total spectrum area at 300 K. The magnetic
hyperfine field (� 32:5 T at 5.4 K) exhibits a weak temperature
dependence between 5.4 and 300 K, indicating a high Néel
temperature. Using the XRD data and the internal field value
component C1 can be ascribed to the FeS phase. The value of Néel
temperature for FeS phase is around 600 K [16]. However, the
XRD pattern and the Mössbauer spectra give rather different
values for the FeS concentration. Probably, there is a certain
amount of FeS hidden inside the FeTe structure invisible in the
XRD characterization. FeTe2 is paramagnetic down to 77 K [4,5].
It has an internal field which is less than 30 T. The magnetic
component C2 may be attributed to FeTe or FeTe1�xSx with low
sulphur content. Both these phases have a magnetic ordering.
Thus the sulphur substitution does not fully destroy the anti-
ferromagnetic ordering of the FeTe structure and superconduc-
tivity coexists with antiferromagnetism in FeTe1�xSx at low
temperatures. Component C2 is observed only at temperatures
below 77 K. Above 70 K which is the Néel temperature for FeTe
[17] the magnetic ordering of C2 disappears and the Mössbauer
spectra show only two components, C1 and C3. Component C3 is
the main component and is associated with paramagnetic FeTe
and FeTe1�xSx. Upon increasing the temperature from 5.4 K to
room temperature the area of paramagnetic doublet increases
and its percentage changes from 25% of the total area at 5.4 K to

Fig. 1. X-ray powder diffraction pattern and Rietveld refinement profile of

FeTe1�xSx . Minority phases are indicated below the main phase. Tetragonal

P4/nmm space group was used in the refinement for the main phase.

Fig. 2. Magnetic moment vs. temperature obtained in field-cooling (FC) and zero-

field-cooling (ZFC) regimes of the SQUID measurements. The inset shows the

transition region in more detail.
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71% at 300 K. In Fig. 4 the intensity ratio of C3 and C2 is plotted. A
peak-like kink at 10 K in the intensity ratio may be related to the
competition between antiferromagnetism and superconductivity.
The temperature dependence of the internal magnetic field of
component C2 is shown in Fig. 5. The behavior of the curve is
atypical. The value of B(T) grows with decreasing temperature but

at 25 K the curve reaches a maximum and starts to decrease upon
further decreasing the absorber temperature. The down-turn
of the hyperfine field may again be a consequence of the
competition between superconductivity and antiferromagnetism.
The two structures that form the magnetically ordered compo-
nent C2 in our spectra FeTe and FeTe1�xSx are intertwined judging
by the c lattice parameter. ‘‘Islands’’ of paramagnetic sulphur-rich
areas are surrounded by the FeTe main phase. Upon lowering
the temperature ‘‘islands’’ shrink and the antiferromagnetically
ordered ‘‘sea’’ between the paramagnetic ‘‘islands’’ grows in size,
until close to Tc an opposite trend sets in. The superconductivity
properties of our sample probably originate from the small
sulphur-rich fractions that are distributed over the sample.

4. Conclusions

A FeTe1�xSx polycrystalline sample was synthesized. SQUID
data give a weak superconductivity transition at the critical
temperature Tc � 10 K. The Mössbauer spectra recorded below
liquid-nitrogen temperatures were fitted by three components:
one paramagnetic doublet which was ascribed to FeTe1�xSx and
two magnetic sextets. The FeS impurity gives rise to one sextet
with a � 32:5 T internal field. Above 70 K the magnetic ordering
of the second sextet is destroyed and only two components: the
magnetic sextet for FeS and the paramagnetic doublet are present
in the Mössbauer spectra. Two phases contribute to the doublet
and the second magnetic component: FeTe1�xSx and FeTe. Below
10 K superconducting ‘‘islands’’ of the FeTe1�xSx phase are dis-
tributed over the sample and are separated by thick antiferro-
magnetic regions of FeTe and FeTe1�xSx with a low S content.
There is an unusual behavior of the hyperfine field for the Fe
atoms belonging to the antiferromagnetic regions, indicating
that close to the superconductivity transition there is a probable
competition between superconductivity and antiferromagnetism.
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Abstract Magnetic properties of the FeTe0.8S0.2 superconductor were studied by
Mössbauer spectroscopy. Low-velocity Mössbauer spectra that were recorded in
the temperature range from 5.7 K up to 300 K show a paramagnetic doublet with
a broadening at temperatures below 77 K. The broadening can be explained by
the appearance of a distribution of hyperfine magnetic fields due to the magnetic
ordering of a part of the sample. The magnetically ordered fraction starts to decrease
at temperatures below 20 K indicating a possible competition with the onsetting
superconductive state.

Keywords 57Fe Mössbauer spectroscopy · Chalcogenide superconductivity ·
Magnetic properties

1 Introduction

Chalcogenide superconductors are a relative newly discovered type of superconduc-
tors that contain iron [1] and exhibit rather high critical temperatures surpassed
only by the Cu-based perovskites [2]. Their structures vary from very simple to
complex. The most simple 11-structured FeTe exhibits an antiferromagnetic ordering
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at low temperatures and does not show superconducting properties even under an
applied hydrostatic pressure as FeSe does. FeTe is a parent compound for FeTe1−xSx

that shows a superconducting transition below ∼10 K [3–5]. At the substitution
of a part of tellurium by sulphur or another chalcogenide superconductivity arises
in these materials. Superconductivity properties of FeTe1−xSx are sensitive to the
concentration of substituting atoms [6] and the synthesis process. The superconduc-
tivity transition temperature Tc increases when increasing the portion of substituting
atoms and reaches a maximum at x = 0.2. Due to the difference between the radii
of tellurium and sulphur the synthesis of the pure FeTe0.8S0.2 phase is a dificult
process. With increasing sulphur content increasing amounts of FeS impurity phase
appear [7]. The method of synthesis is also important for the superconductivity
properties. The melting method yields samples with a transition temperature of 7.8 K
and 20 % of superconducting volume fraction [8]. Using the solid-state reaction
method it is possible to obtain purer samples with a higher Tc. Although FeTe1−xSx

does not have a very high critical temperature, the interesting magnetic properties
at temperatures below 70 K in these materials attract attention. Coexistence of
superconductivity and antiferromagnetism has been reported for FeTe1−xSx [9–11].
Also in the cuprate superconductors signatures of antiferromagnetism has been
reported [12, 13]. In this work the hyperfine fields around Tc were studied using
57Fe Mössbauer spectroscopy.

2 Experimental

A superconducting FeTe0.8S0.2 sample was prepared using a solid-state reaction
method. Stoichiometric quantities of Fe (99.99 %), Te (99.999 %) and S (99.99 %)
powders were mixed, sealed in an evacuated quartz tube, slowly heated up to 1050 ◦C
and annealed for 30 h. The resulting sample powder was reground inside an Ar-
filled glove box, pressed into pellets at 10 kbars, annealed again at 800 ◦C for 20 h
and slowly cooled to room temperature in 5 h. After that the sample was annealed
in oxygen gas at 200 ◦C for 12 h. The superconductivity properties were checked
with resistivity measurements using a home-build four-probe setup. The purity of the
sample was checked with X-ray diffraction using Cu Kα1 radiation (PanAnalytical
X’Pert Pro MPD diffractometer) in θ − 2θ geometry. The magnetic propeties of
the FeTe0.8S0.2 sample were characterized using 57Fe Mössbauer spectroscopy in
transmission geometry. The Mössbauer spectra were measured using a 57Co:Rh
source with maximum Doppler velocities of 1.70 mm/s or 2.0 mm/s at temperatures
between 5.7 and 300 K. Additional high-velocity Mössbauer spectra at 7 K, 77 K, and
300 K recorded at 10 mm/s allowed checking of impurity phases. The sample was
cooled using an Oxford continuous-flow cryostat with liquid He as a coolant below
77 K and liquid N2 at and above 77 K. The spectra were fitted with the following
Mössbauer parameters: asymmetric quadrupole doublet for the main paramagnetic
component, relative intensity, isomer shift relative to α-Fe and magnetic hyperfine
field for the FeS impurity phase. For the main component the angle between the
wave vector and the z-axis of the electric field gradient was entered as a fit parameter
that indicates a crystalline texture. Magnetic lines of FeS were fixed according to the
high-velocity spectra when analyzing the low-velocity spectra.
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Fig. 1 X-ray powder
diffraction pattern for
FeTe0.8S0.2. Impurities
due to FeS and FeTe2 are
indicated with � and +,
respectively

Fig. 2 Electrical resistivity
vs. temperature. The inset
shows the transition region
in more detail

3 Results

The XRD pattern for our FeTe0.8S0.2 sample shows presence of FeS and traces
of FeTe2 along with the main phase of FeTe0.8S0.2 (Fig. 1). The superconductivity
transition was observed using a resistivity measurement. The temperature depen-
dence of electrical resistivity shows a sharp transition at 9 K (Fig. 2). The anomaly
around 120 K is possibly related to the Verwey transition of magnetite.

High-velocity (10 mm/s) Mössbauer spectra detected the presence of 11.4 %
FeS (IS = 0.77 mm/s at 300 K) and 4.7 % Fe3O4 (IS = 0.19 mm/s at 300 K)
which is in accord with the XRD-data, but FeTe2 was not detected. All Mössbauer
spectra show a main component consisting of an asymmetric quadrupole doublet
assigned to the superconducting FeTe0.8S0.2 phase (Fig. 3). The isomer shift that
equals 0.44 mm/s at 300 K is compatible with intermediate spin (S = 1) Fe2+. The
temperature dependence of the second-order Doppler shift data was fitted to a
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Fig. 3 Mössbauer specta
of FeTe0.8S0.2 recorded at
indicated temperatures.
Components due to the
broadened paramagnetic
doublet (green) and central
lines of the magnetic FeS
impurity (red) are indicated
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Debye temperature of 405 K above T ≈ 77 K. Below that temperature the Debye
model failed, probably due to elastic changes in the lattice. In the spectra recorded
above 77 K purely paramagnetic behavior is observed for the main component. The
asymmetry of this doublet is due to crystalline texture and the angle between the
wave vector and the z-axis of the main component of the electric field gradient
was found to differ from the powder-absorber value of 54.74◦ and instead be a
constant of ∼39.5◦ in all spectra recorded between 77 and 300 K. It was fixed at
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Fig. 4 Quadrupole coupling
constant eQVzz vs.
temperature for FeTe0.8S0.2
with a power law fitting,
at temperatures above
20 K, see text

zz

Fig. 5 Temperature
dependence of the average
magnetic hyperfine field for
FeTe0.8S0.2. The line is a
guide for the eye

Fig. 6 The fraction of
magnetically ordered
Fe vs. temperature. The line is
a guide for the eye
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this value when fitting the spectra recorded below 77 K. The quadrupole splitting
of the main component has a negative sign and equals to eQVzz = −0.71 mm/s at
77 K. The eQVzz vs. temperature data follow a (1 − aT3/2) [14] dependence with
a = 3.2 · 10−5 (Fig. 4). Below ∼20 K the data undergo a sharp drop which roughly
coincides with the decline of the internal field, vide infra. Also in FeTe0.5Se0.5 a
change in eQVzz about Tc was reported [15]. The fast decline in eQVzz is probably not
associated with a change in the local lattice structure. Instead a minor change in the
non-spherical electronic structure of this Fe2+ state is a more probable explanation.
Below 77 K the spectra display a distinct broadening of the asymmetric doublet.
This broadening changes with the temperature, reaching a maximum around 10 K. A
similar picture was reported earlier [16, 17]. The broadened doublet was fitted with
a histogram distribution of hyperfine magnetic fields. The temperature dependence
of the average hyperfine field is shown in Fig. 5. The average field peaks at ∼10 K,
declining upon further cooling of the sample. The declining section coincides with
the onset of superconductivity.

The overall portion of magnetically-ordered Fe is shown in Fig. 6. It peaks at
∼20 K. The evolution of the magnetic portion with temperature indicates that a
possible competition between the paramagnetic fraction which is associated with
superconductivity and the magnetically ordered fraction may take place. Coexistence
of magnetism and superconductivity in pnictide FeAs-based superconductors and
strong evidence of this phenomenon in Cs0.8(FeSe0.98)2 are in accordance with our
suggestion [18, 19].

4 Conclusions

Mössbauer spectra from 5.7 K up to room temperature revealed an asymmetric
quadrupole doublet assigned to the superconducting FeTe0.8S0.2 phase. At temper-
atures below 77 K the paramagnetic doublet exhibits a broadening that can be
attributed to a weak magnetic ordering in the sample. The peaks in the temperature
dependences of the magnetically-ordered fractions of Fe and the average magnetic
field suggest that a competition between magnetism and superconductivity may
occur.
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a b s t r a c t

The behavior of the internal magnetic field in FeTe1�xSx was studied using Mössbauer spectroscopy
in the temperature range from 6.8 K up to 300 K. Spectra of samples with x¼0.05, 0.10 and 0.20 were
recorded and the obtained hyperfine parameters were compared with the superconductivity properties.
A dependence of the internal field on the x value and the superconductivity transition temperature
was found.
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1. Introduction

Chalcogenide superconductors belong to a very suitable class
among the iron-based superconductors for studying hyperfine
interactions. Effects like the coexistence of magnetism and super-
conductivity, presence of spin density waves make these materials
attractive for various kinds of investigations [1–5].

Superconductivity in the simple unsubstituted FeTe phase
cannot be achieved even if an external pressure is applied as in
FeSe [6,7]. Iron telluride shows an antiferromagnetic ordering with
a Néel temperature around 70 K, but by using substituting ele-
ments a suppression of the magnetic ordering occurs. Substitution
of tellurium by sulphur or selenium can be used to induce
superconductivity. Depending on the concentration of the sub-
stituting atom superconductivity will appear and develop into
filamentary or bulk type and finally disappear for exceeding
quantities of the substituent [8–10]. Earlier studies of Fe-based
superconductors indicate that the enhancement of Tc is related to
changes in the crystal lattice or magnetic properties of the
material. In FeTe1�xSx the sulphur atoms occupy the sites of
tellurium and create a chemical pressure in the lattice owing to
the difference in the atomic sizes.

Although bulk superconductivity in conducting materials
usually develops from paramagnetic parent phases, studies of
the new Fe-based superconductors reveal coexistence of antifer-
romagnetic ordering and superconductivity [11,12]. Previously it

was believed that by substituting a part of tellurium by sulphur
the magnetic ordering is completely suppressed and supercon-
ductivity is induced but later the presence of a hyperfine magnetic
field in superconducting FeTe1�xSx was observed [1,10]. The
addition of sulphur atoms to FeTe makes the magnetic ordering
at low temperatures incommensurate even for a very small
concentration of substituents [10]. Also in Fe1þyTe1�xSex with
y¼0.03 and x¼0.40–0.5 a magnetic ordering at low temperatures
was found [5,24]. It was experimentally found that at tempera-
tures below � 80 K (the exact ordering temperature depends on
the substitution level) magnetically ordered fractions appear and
below the superconducting transition temperature coexistence of
magnetism and superconductivity is observed [5]. In contrast,
Fe1þ xTe has an commensurate magnetic structure [25]. In the bulk
superconductor FeTe0:5Se0:5 only paramagnetic iron was observed
at all temperatures [5,26].

In FeTe1� xSx the maximum for the superconducting transition
temperature Tc is reached at x� 0:2. For other sulphur concentra-
tions the superconducting volume fraction is smaller and can
exhibit filamentary structure. An enhancement of the supercon-
ducting volume fraction can be achieved by changing the sulphur
content, but also by applying additional procedures during or after
the final step of synthesis [13–17]: it has been shown that an
oxygen annealing leads to a sharper superconductivity transition
and increases the transition temperature. Air-exposure of the
materials also shows a good result for improving superconductiv-
ity in FeTe1�xSx. The solubility limit of sulphur atoms causes some
obstacles for choosing an optimal synthesis method [6]. Several
ways of synthesis are used for producing FeTe1� xSx: melting
method, Bridgman method and solid-state reaction [20,21].
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Apparently, a solid-state reaction method gives a better combina-
tion for the desired properties in the synthesized materials,
however, it also leads to a broadening of the superconductivity
transition to zero resistivity, but at the same time a reduced
presence of impurity phases is observed.

Owing to the simple process of synthesis we focus our atten-
tion on the Fe(Te,S) system for studies on the incipient hyperfine
magnetic effects at temperatures around the superconductivity
transition. Sulphur-substituted iron telluride samples were pro-
duced and the development of superconductivity properties and
behavior of the hyperfine magnetic field below 77 K were studied
and compared with the earlier results obtained for an optimally
substituted sample [18,19].

2. Experimental

For studies of the magnetic properties of superconducting
FeTe1� xSx samples with x¼0.05, x¼0.10 and x¼0.20 were synthe-
sized using a solid-state reaction scheme. Stoichiometric mixtures
of iron (99.99%), tellurium (99.99%) and sulphur (99.99%) powders
were sealed into quartz tubes under vacuum and slowly heated
from room temperature to 1050 1C for 20 h and kept at this
temperature for 30 h. The obtained samples were reground inside
a glove box with an inert Ar atmosphere, pressed into pellets at
10 kbars, sealed into evacuated quartz tubes and sintered again at

800 1C for 20 h. The oxygen-annealing was used as an additional
synthesis step for the synthesis of the FeTe0:8S0:2 sample [19].

The superconductivity properties were checked with resistivity
measurements using a home-built four-probe setup and with
magnetic measurements in zero-field cooling and field-cooling
regimes using a SQUID magnetometer (Quantum Design, MPMS-
XL). According to the literature FeTe0:95S0:05 is not superconduct-
ing, FeTe0:9S0:1 starts to show superconductivity properties. The
samples purity was characterized with an X-ray powder diffract-
ometer (PanAnalytical X'pert Pro MPD, CuK α1 radiation) and the
data were analyzed by the Rietveld method using the software
program FullProf [27].

Mössbauer spectra were recorded in the temperature range
from 6.8 K up to 300 K in transmission geometry using maximum
Doppler velocities of 1.70 mm/s and 10.00 mm/s. High-velocity
spectra were used for checking the presence of impurity phases.
Low-velocity spectra were used for extracting the hyperfine
interactions of the main phase. A 25 mCi Cyclotron Co. 57Co:Rh
source was used for producing the gamma quanta. For low-
temperature measurements an Oxford continuous-flow cryostat
with liquid He as a coolant below 77 K and liquid N2 at and above
77 K was used. The spectra of FeTe0:9S0:1 were fitted using a model
that includes one paramagnetic doublet from the main phase and

Fig. 1. X-ray powder diffraction patterns for the FeTe0:95S0:05, FeTe0:9S0:1 and
FeTe0:8S0:2 samples.
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Fig. 2. 57Fe high-velocity Mössbauer spectra of FeTe0:95S0:05 (upper panel) and
FeTe0:9S0:1 (lower panel) recorded at room temperature. Components due to the
paramagnetic doublet (green solid) and the magnetic Fe3O4 impurity (blue dashed)
are indicated. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)
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two magnetic sextets from magnetic impurities. For fitting the
spectra that were recorded below 77 K three singlets and one
doublet were used. Two of the three singlets can be associated
with the third lines of the magnetic sextets with high internal
fields. The third singlet was used for fitting the paramagnetic main
component together with a broadened doublet. For FeTe0:95S0:05
the fitting model includes only one paramagnetic doublet at all
temperatures. All spectra of the investigated materials exhibit a
texturized structure and the angle between the wave vector and
the principal axis of the electric field gradient was entered as a
free fit parameter. Isomer shift values were taken relative to α-Fe
at room temperature.

Obtained hyperfine parameters for 0.05 and 0.10 sulphur-
substituted samples were compared with properties of the sample
with x¼0.20 reported earlier [18,19].

3. Results and discussion

The XRD analyses showed Fe(Te,S) as the main phase but other
phases were also observed. They were identified as FeTe2, Fe0:67Te
and FeS and their amounts were found to be dependent on the
substitution level of sulphur. The results of the multiphase
Rietveld refinements are presented in Fig. 1. The main phase Fe
(Te,S) is strongly c-axis oriented and this was taken into account to
enable the quantification of the fractional phases. A March–Dollase
function was applied to account for the orientation effect and the
resulting refined value ðG¼ 0:57o1Þ suggests a plate-like texture
in the present samples. No sulphur-containing impurities were
observed for the x¼0.05 and 0.10 samples and only 1% of the FeS
impurity phase was detected for the x¼0.20 sample. This indicates
that the S-for-Te substitution is rather successful. This is supported
by the lattice parameter behavior: the cell volume decreases with
increasing x. As the X-ray scattering power is different enough for
Te and S, we also studied the fractional occupancies in their
crystallographic positions. This was done at the final stage of the
refinement so that the chemically fixed occupancy of S was
released. This somewhat improved the results and gave 1.8,

6.1 and 9.9% as the actual amount of S in the x¼0.05, 0.10 and
0.20 samples, respectively. Comparison of the c-axis value for the
chemically analyzed samples would give slightly different results
(4.9, 7.6 and 7.8%) [28]. This is probably explained by the fact that
some of the Fe and Te is bonded in the parasitic phases but the
reality should be something in between. The high-velocity Möss-
bauer spectrum recorded at room temperature revealed also the
presence of Fe3O4 in the FeTe0:9S0:1 sample (Fig. 2). But this
impurity was not observed in the FeTe0:95S0:05 sample. Paramag-
netic FeTe2 and Fe0:67Te impurities were not detected in the high-
velocity Mössbauer spectra. The much more intensive main
doublet probably masks these two phases in the Mössbauer
spectra, as both these impurities are paramagnetic at room
temperature [22,23,29]. The isomer shift and quadrupole coupling
constant of the main phase were IS¼0.44 mm/s and eQVzz ¼
�0:78 mm=s at 77 K for x¼0.10 and IS¼0.45 mm/s and
eQVzz ¼ �0:83 mm=s at 77 K for x¼0.05. For the FeTe0:8S0:2
sample these values were IS¼0.52 mm/s and eQVzz ¼ �0:71
mm=s at 77 K [19].

The FeTe0:95S0:05 sample did not show any superconducting
transition in the magnetization nor the resistivity data. In
FeTe0:9S0:1 the zero-field cooling (ZFC) magnetization measure-
ment shows a broad drop at � 10 K (Fig. 3). As expected, the
x¼0.20 sample shows bulk superconductivity: a sharp drop of the
magnetization curve is observed at � 9 K (Fig. 3). This value of the
transition temperature is confirmed by the resistivity measure-
ment. The hump in the susceptibility observed at 125 K on the
field-cooling curve is compatible with the Verwey transition in
magnetite. A sharper superconducting transition is seen on the
resistivity versus temperature curve, Fig. 3, with Tc � 8 K. The
resistivity curve also shows a weak Verwey transition at � 125 K.

Low-velocity Mössbauer spectra of the FeTe0:95S0:05 and
FeTe0:9S0:1 samples (Fig. 4) were recorded in the temperature
range from room temperature to 6.8 K. The spectra exhibit a
broadening of the line width of the main components with decreas-
ing temperature, in particular in the range from 77 K to 6.8 K. The
broadened doublets were fitted with a histogram distribution of
hyperfine magnetic fields. The temperature dependencies of the

Fig. 3. Resistivity vs. temperature for FeTe0:9S0:1 and FeTe0:8S0:2 samples. The insets show the transition regions in more detail. Magnetic susceptibility vs. temperature for
FeTe0:9S0:1 and FeTe0:8S0:2 obtained in field-cooling (FC) and zero-field-cooling (ZFC) regimes of the SQUID measurements.
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hyperfine fields for the FeTe0:95S0:05 and FeTe0:9S0:1 samples are
presented in Fig. 5. In the upper panel of Fig. 5 an increase of the
magnetic field with decreasing temperature continues down to the
lowest temperature. In FeTe0:9S0:1 the magnetic field of the main
component grows up to approximately 8.5 K and drops upon further
decreasing temperature. A similar behavior was also observed in the
FeTe1�xSx samples with a higher content of sulphur (x E0.20)
[18,19] and is presented for comparison in Fig. 5. The obtained
dependencies of the hyperfine magnetic fields agree with the
concept of a competition between magnetism and superconductivity
in the FeTe1� xSx system for the samples which exhibit various
degrees of superconductivity. Also, there seems to be a relationship
between the peak of the hyperfine magnetic field and the value of
the superconductivity transition temperature.

By comparing the average internal fields of the x¼0.05 and
x¼0.10 samples and the earlier investigated optimally substituted
sample with x¼0.20 it is noticed that in the non-superconducting
FeTe0:95S0:05 sample the magnetic volume fraction linearly grows
with the decreasing temperature, whereas for the two super-
conducting samples the curves show a faster than linear growth
up to the superconducting transition temperature and a sharp
down turn at temperatures below Tc. Also, it was observed for the

earlier studied sample [19] that the increase of the hyperfine
magnetic field has a weaker character and the maximum value of
the hyperfine magnetic field is considerably lower than that for
the FeTe0:9S0:1 sample.

A conclusion that superconductivity in the FeTe1� xSx system
suppresses the magnetic ordering below transition temperature
can be drawn which is in contrast to the results for Fe1þyTe1� xSex
where the volume of the region with the coexistence of the
magnetic ordering and superconductivity is increasing even below
the superconductivity transition. Therefore in FeTe1� xSx rather a
competition and suppression of the magnetic ordering by super-
conductivity takes place in agreement with our previous results
for the bulk superconductor [19].

4. Conclusions

The evolution of the magnetic hyperfine field for FeTe1�xSx
samples with various x has been studied. The temperature
dependencies of the internal field for a non-superconducting
sample and the samples that show a superconducting transition
were obtained. The sharp drop of the magnetic field value below
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the superconducting transition temperature suggests a suppression
of the magnetic ordering by the emerging superconductivity. This is
in contrast to the reported mutual coexistence of magnetic ordering
and superconductivity in some Fe-based superconductors.
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Abstract We have studied the hyperfine interactions in samples belonging to the Fe-Se
system. Several samples with various concentrations of selenium were synthesized and
investigated. The objective was to find synthesis conditions increasing the concentration of a
secondary Fe-Se phase with a rather large quadrupole splitting of∼1.7 mm/s. At Tm ≈104 K
this secondary phase undergoes a magnetic ordering.

Keywords 57Fe Mössbauer spectroscopy · Chalcogenide superconductivity · Magnetic
properties

1 Introduction

FeSe forms in a simple structure that exhibits superconducting properties at an optimal 1:1
stoichiometric composition of Fe and Se [1]. The transition temperature of this material
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is low (∼8 K) but it can be raised e. g. by applying an external pressure [2, 3]. Dur-
ing the synthesis mixtures of Fe and Se can form various phases: α-FeSe, β-FeSe and
γ -FeSe [1, 4]. The composition of the phases obtained and their structures (tetragonal,
hexagonal NiAs-type) depend on the selenium content and the temperature of the synthe-
sis [5]. Superconductivity in this compound can exists only in the tetragonal phase below
Tc ≈ 8 K [1, 5].

All phases which FeSe can form show a magnetically ordered structure, except the
phase with a tetragonal structure, which at room temperature resides in a paramag-
netic state. Upon cooling this material undergoes a tetragonal-to-orthorhombic struc-
tural transition at ∼90 K. The temperature of this structural transition depends on the
exact stoichiometry of the material. Under an applied hydrostatic pressure a magnetic
ordering of non-stoichiometric superconducting FeSe1−x (x = 0.02 − 0.06) has been
reported [6, 7].

Due to paramagnetism 57Fe Mössbauer spectra of pure FeSe with tetragonal struc-
ture consist of a single doublet at room temperature. In FeSe0.82 prepared by solid-state
reaction by quenching from 650 ◦C to room temperature an additional paramagnetic
doublet in the Mössbauer spectrum was observed [8]. This doublet, characterized by
a high quadrupole splitting of ∼1.7 mm/s, was assigned to an impurity phase but its
origin was not known. This doublet was also observed by another group and two pos-
sible origins of its were discussed but the exact nature of this impurity phase was not
determined [9].

The purpose of this work was to prepare and investigate this secondary phase that appears
in compounds with a selenium deficiency. Several samples with various concentrations of
selenium were synthesized and investigated by Mössbauer spectroscopy. Optimizing the
conditions for the secondary phase required some efforts because the exact preparation route
was not known from the literature.

2 Experimental

It was found that in our samples the second paramagnetic doublet becomes visible only
after a second synthesis step. Two different temperature were used for samples preparation:
650 ◦C [8, 10] and 750 ◦C.

Two series of samples with stoichiometries of FeSe0.6, FeSe0.75, FeSe0.82, and FeSe0.9

were prepared at 750 ◦C and investigated. Stoichiometric ratios of iron (99.99 %) and sele-
nium (99.99 %) powders were mixed, sealed in evacuated quartz tubes and annealed at
750 ◦C for 20 h and quenched into cold water. The obtained samples were denoted series
I. Thereafter, a portion of the powders of series I were reground in a mortar, pressed into
pellets and sintered again at the same synthesis conditions. After 20 h the samples were
quickly taken out of the furnace and quenched into cold water. These samples were denoted
series II.

The phase and structure determination were carried out by X-ray powder diffraction
(PanAnalytical X’Pert Pro MPD diffractometer). 57Fe Mössbauer spectra were recorded
with Doppler velocities of 8.04 mm/s and 2.53 mm/s in transmission geometry in the tem-
perature interval 77−300 K using an Oxford CF506 continuous-flow cryostat and a year-old
Cyclotron Co, 57Co:Rh source. The spectra were fitted using the following parameters: line
width (�) was fixed for all components to be equal excluding the 2nd (M) component (the
secondary component which undergoes a magnetic ordering and exhibits a rather broad
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Fig. 1 High-velocity Mössbauer spectrum of the series II FeSe0.9 sample recorded at 300 K. Doublets due
to the main phase, the secondary phase, and sextets due to elementary iron, and Fe7Se8 are drawn in green,
red, blue, and cyan, respectively

sextet), quadrupole splitting (QS = eQVzz/2), isomer shift (δ), component intensities (I ),
and magnetic hyperfine field (Beff ) for magnetically-split components. Isomer shift values
are quoted relative to α-Fe at room temperature.

3 Results and discussion

In Fig. 1 a high-velocity Mössbauer spectrum for FeSe0.9 of series II is shown. A large por-
tion of a secondary Fe phase is seen with its characteristic large quadrupole splitting. Certain
amounts of elementary iron (around 3 % for FeSe0.9) were observed. The iron impurity was
found in all recorded spectra, most intense in the compound with lowest Se content: 33 %
Fe in FeSe0.6 (see Table 1 presented below).

Experimental XRD data for samples FeSe0.6 FeSe0.9 of series I and II were fitted using
the Rietveld method and the program FullProf [11]. The patterns revealed the presence of
the FeSe main phase, an unknown Fe-Se phase, Fe7Se8 and elementary Fe. The Bragg peaks
due to the unknown phase are significantly sharper than the ones coming from the main
FeSe phase and the observed Fe7Se8 phase. This is a strong indicator that these uniden-
tified reflections are not related to these compositions e.g. in a way of distortion. Despite
of a careful and extensive search of the diffraction database, including possible reaction
with silica, no match was found for the unaccounted reflections in the XRD pattern. As the
heat-treatments clearly increased the intensities of all these unidentified reflections, we sus-
pect that they are coming from one phase. To provide some information of this, we have
attempted to find its unit cell by indexing all the reflections that cannot be explained by β-
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Table 1 Parameters of the FeSe1−x Mössbauer spectra at RT and around Tm. For the secondary component
P denotes paramagnetic and M magnetic

Origin T , K �, mm/s δ, mm/s QS, mm/s Beff , T A1, % Tm, K

FeSe0.6

FeSe 298 0.276(5) 0.458(5) 0.25(5) – 42(2) 101

2nd (P ) 0.276(5) 0.853(5) 1.69(5) – 12(2)

FeSe 102 0.298(5) 0.549(5) 0.29(5) – 43(2)

2nd (P ) 0.298(5) 0.884(5) 1.61(5) – 4(2)

2nd (M) 0.517(9) 0.90(9) 0.19(9) 12.3(7) 10(2)

FeSe 98 0.311(5) 0.551(5) 0.30(5) – 42(2)

2nd (P ) – – – –

2nd (M) 0.811(7) 0.90(5) 0.08(8) 11.9(9) 13(2)

FeSe0.75

FeSe 298 0.301(5) 0.495(5) 0.25(5) – 53(2) 101.5

2nd (P ) 0.301(5) 0.886(5) 1.71(5) – 18(2)

FeSe 102 0.291(5) 0.555(5) 0.28(5) – 50(2)

2nd (P ) 0.291(5) 0.982(5) 1.71(5) – 8(2)

2nd (M) 0.605(9) 0.812(7) 0.056(9) 10.1(8) 10(2)

FeSe 101 0.298(5) 0.548(5) 0.29(5) – 49(2)

2nd (M) 1.03(9) 0.841(9) −0.27(7) 9.8(9) 23(2)

FeSe0.82

FeSe 298 0.361(5) 0.491(5) 0.24(5) – 64(2) 103

2nd (P ) 0.361(5) 0.901(5) 1.72(5) – 15(2)

FeSe 104 0.316(5) 0.548(5) 0.29(5) – 63(2)

2nd (P ) 0.316(5) 0.951(5) 1.80(5) – 14(2)

FeSe 102 0.299(5) 0.541(5) 0.291(5) – 56(2)

2nd (M) 0.697(8) 0.955(9) 0.12(9) 7.5(9) 17(2)

FeSe0.9

FeSe 298 0.278(5) 0.445(5) 0.25(5) – 67(2) 104

2nd (P ) 0.278(5) 0.851(5) 1.71(5) – 17(2)

FeSe 106 0.291(5) 0.547(5) 0.29(5) – 63(2)

2nd (P ) 0.291(5) 0.957(5) 1.74(5) – 18(2)

FeSe 102 0.290(5) 0.551(5) 0.29(5) – 63(2)

2nd (P ) 0.290(5) 0.953(5) 1.76(5) – 6(2)

2nd (M) 0.688(9) 0.719(9) 0.063(8) 10.7(7) 16(2)

FeSe 77 0.323(5) 0.554(5) 0.30(5) – 62(2)

2nd (M) 0.441(7) 0.935(7) 0.058(9) 16.3(8) 21(2)

1 Metallic Fe portions of ∼33 %, ∼17 %, ∼12 % and ∼3 % at all indicated temperatures were found for
samples with x = 0.4, 0.25. 0.18 and 0.1, respectively. Fe7Se8 portions of ∼12 %, ∼13 %, ∼16 % and
∼14 % at all indicated temperatures were found for samples with x = 0.4, 0.25. 0.18 and 0.1, respectively

FeSe, Fe7Se8 and Fe. This was done with the programs integrated in the FullProf software
package [11]. A good match was found using an orthorhombic system with lattice parame-
ters a ≈ 8.52 Å, b ≈ 6.96 Å, and c ≈ 4.90 Å(in Pmmm), covering even the tiniest reflections
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Fig. 2 X-ray powder diffraction patterns for series I and series II FeSe0.6 samples. Main peaks of the
secondary phase component are denoted by asterisks. Indices concern the main β-FeSe phase

left in the XRD pattern. This unit cell is included as a Le Bail fit in the Rietveld refinements
shown in Figs. 2 and 3.

Based on the refinements, the ratio of the known components β-FeSe, Fe7Se8 and Fe is
9.4:1.4:1 and 3.5:0.8:1 for FeSe0.9 and FeSe0.6, respectively. The amount of the unknown
phase cannot be determined without knowing the crystal structure but by comparing intensi-
ties, it can be said that FeSe0.6 and FeSe0.9 both contain substantial amount of the secondary
phase after the second sintering.

These additional XRD peaks were observed also for FeSe single crystals that were grown
using the Bridgman method with controlled cooling rate [12], but the phase that gives rise
to these peaks was not determined. Upon examining the powder XRD data of the original
work [1] it becomes evident that the secondary phase was encountered but left unidentified
by the authors.

Mössbauer spectra obtained from samples of series I exhibit only the paramagnetic dou-
blet of the main phase and magnetic Fe7Se8 and elementary iron as impurities, with the



346 A. Sklyarova et al.

Fig. 3 X-ray powder diffraction patterns for series I and series II FeSe0.9 samples. Main peaks of the
secondary phase component are denoted by asterisks. Indices concern the main β-FeSe phase

secondary FeSe phase barely exceeding the detection limit. The Mössbauer spectra of all
investigated samples of series II show the presence of the secondary phase doublet at room
temperature, some quantities of Fe7Se8 and metallic Fe, Fig. 4. The hyperfine parameters
of the main FeSe component and for the secondary phase are given in Table 1. For Fe7Se8

literature values of the hyperfine parameters for the corresponding temperatures, quite com-
plex with 3 magnetic subspectra [13], were used. Volume fraction for all components are
presented in Table 1.

The main phase has a paramagnetic doublet with δ = 0.44 mm/s and eQVzz/2 ≈
0.25 mm/s at room temperature. These parameter values coincide with β-FeSe which
has a tetragonal structure and the isomer shift indicates a low-spin state of divalent iron
in this material [14]. For the secondary component the isomer shift (δ = 0.85 mm/s)
indicates Fe2+ in a high-spin state in agreement with earlier data for a similar com-
pound [9]. Presence of interstitial iron a singlet corresponding to trivalent Fe [15] was
not observed in the present Mössbauer data. From measurements of Fe(Te,Se) it is known
that such Fe species strongly overlap with the percentage main component. Analysis
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Fig. 4 Mössbauer spectra of FeSe1−x (x = 0.4, 0.25, 0.18, 0.1) series II samples at room temperature. Green,
blue and red lines indicate the main paramagnetic doublet, elementary iron and secondary phase, respectively.
Lines (cyan) due to magnetic Fe7Se8 are visible in the background

of the XRD data suggests that the possible concentration of interstitial Fe is below a
few percents.

The volume fraction of the secondary component depends on the selenium content in
the FeSe1−x spectra, Fig. 4. The FeSe0.75 compound shows the highest concentration of it,
despite the presence of other iron impurities.

The secondary phase undergoes a magnetic transition upon decreasing the temperature.
The transition temperature is readily observed in Mössbauer spectra recorded with a tem-
perature step of 0.5 - 1 K, Fig. 5. Similar results were obtained for all investigated samples.
For x = 0.1 a transition temperature of ∼105 K was detected. The transition temperatures
for the series II samples are given in Table 1.

From the Mössbauer spectra recorded above and around transition temperature of the
secondary phase no changes are observed for the component from the main phase. This
also indicates that the main phase and the secondary phase in investigated samples are well
separated.
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Fig. 5 Mössbauer spectra of the
FeSe0.9 series II sample recorded
at temperatures around the
magnetic transition temperature
of the secondary phase Fe. Green
and red lines are due to the main
phase and secondary phase,
respectively. Weak lines due to
metallic Fe and magnetic Fe7Se8
are visible in the background
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4 Conclusions

The synthesis conditions for promoting the concentration of a secondary Fe-Se phase in
β-FeSe were optimized. A two-step solid-state reaction at 750 ◦C gives the highest vol-
ume fraction of this secondary phase. Mössbauer spectra for all samples obtained by the
two step synthesis show the presence of the second paramagnetic doublet with a high
quadrupole splitting (∼1.7 mm/s), assigned to the emerging phase. Mössbauer spectra of
samples obtained using only one synthesis step did not exhibit the secondary component.
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The presence of the secondary phase in the samples after two synthesis was also confirmed
by XRD measurements. Secondary phase Fe has valence 2+ and a high-spin state while the
main phase Fe atoms are in a divalent low-spin state. The secondary phase Fe atoms undergo
a magnetic transition at ∼104 K and the behavior of the Mössbauer spectra recorded at
this transition region indicate a spatial separation of the main phase and the secondary
phase atoms. Determination of space group and exact stoichiometry of the secondary phase
requires further studies.
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a b s t r a c t

The magnetic properties of the pnictide superconductors with the nominal composition of
BaFe2(As0.68P0.32)2 and EuFe2(As0.8P0.2)2 were studied by 57Fe Mössbauer spectroscopy. A super-
conducting transition at 30 K was detected and coexistence of magnetism and superconductivity at low
temperatures was observed. The Mössbauer spectra show two iron-atom surroundings, which are at-
tributed to undoped AFe2As2 and substituted AFe2(As1�xPx)2, with at least one phosphorus atom in the
tetragonal iron environment, (A ¼ Ba or Eu). These two iron-atom surroundings were attributed to one
macroscopic AFe2(As1�xPx)2 phase.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Among iron-based superconducting materials pnictides are
most intensively studied due to the variety of physical and che-
mical properties which these materials have. New pnictide su-
perconductors with various properties are produced using carrier-,
hole- or isovalent-doping processes of arsenic in the AFe2As2 (A ¼
Ca, Ba, Eu, Sr) parent compound. Two of them are BaFe2(As1�xPx)2
and EuFe2(As1�xPx)2, the parent materials of which have a layered
structure with Ba/Eu atoms between the Fe2As2 layers. The prop-
erties of these parent compounds are well-known from the lit-
erature. Undoped AFe2As2 exhibits an anomaly at 140–200 K in the
electric resistance, due to a structural phase transition from tet-
ragonal to orthorhombic [1–5]. The structural transition is ac-
companied by antiferromagnetic, spin-density wave (SDW) tran-
sition at the same temperature that was observed by neutron
diffraction [4–6]. In substituted pnictides this SDW anomaly shifts
to lower temperatures with increasing substitutional-element
concentration [7,8]. In Mössbauer spectra the broadening of the
spectral lines begins below ∼140–200 K and at 77 K a completed
magnetic splitting of the main paramagnetic doublet is observed.

The value of the hyperfine field is around 5 T [9].
Superconductivity in undoped material can be induced by ap-

plying an external pressure. For Ba- or EuFe2As2 the required ex-
ternal pressure value lies in the range of 20–60 kbar, with a
maximum Tc value of ∼29 K [10–12]. The most common way to
induce superconductivity is hole, electron, and isovalent doping
that suppresses the structural and antiferromagnetic transitions
and promotes superconductivity [13–19]. In this case the obtained
superconducting properties depend on the dopant concentration
[7,10,17,19].

By isovalent doping phosphorus atoms are replacing a part of
the arsenic atoms. Superconductivity in AFe2(As1�xPx)2 appears in
the narrow concentration range of x ¼ 0.2–0.6 for A¼Ba and
x¼0.14–0.23 for A¼ Eu [7,19–23]. The narrowness of the con-
centration range may be related to the observed overlap of su-
perconductivity and magnetism.

Previously it was thought that the most likely reason for su-
perconductivity arising in these compounds is the chemical pres-
sure due to the difference in radii between dopant and regular
atoms, but it has been shown that the presence of a chemical
pressure not always leads to superconductivity and the true reason
is more complicated [8].

In this paper the hyperfine interactions of AFe2(As1�xPx)2 with
x ¼ 0.32 for A ¼ Ba and x ¼ 0.20 for A ¼ Eu were examined by
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57Fe Mössbauer spectroscopy. This method is sensitive to the local
properties of the investigated nucleus and allows probing of phase
composition, magnetic ordering, valence, and spin-state of atoms.

2. Experimental

For the preparation of samples a solid-state reaction method
was used. Iron powder (99.99%), barium/europium pieces (99.9%),
arsenic pieces (99.999%), and phosphorus powder were directly
mixed in stoichiometric ratios and sealed into an evacuated quartz
tube. For preventing reactions between barium and the tube wall
during the synthesis the mixture of the elements was placed in an
alumina crucible, and covered by an another crucible.

The quartz ampule with the Ba-sample mixture was slowly
heated up to 600 °C and kept at this temperature for 3 h. After that
the temperature was increased and the sample was sintered at
850 °C for 10 h, and slowly cooled to room temperature. The Eu
sample was annealed at 1050 °C for 36 h. Both the obtained
samples were reground, pressed into pellets, sealed in crucibles in
evacuated quartz tubes and sintered again at 950 °C for 25 h. Both
the preparation of the mixtures and the grindings were done in a
glove box under inert Ar atmosphere.

The superconducting properties were measured using a SQUID
magnetometer (Quantum Design, MPMS-XL) in zero-field-cooled
(ZFC) and field cool (FC) regimes. The phase contents were
checked with X-ray powder diffractometry (PanAnalytical X'pert
Pro MPD, Cu Kα1 radiation) and the data were analyzed using the
software program FullProf [24]. 57Fe Mössbauer spectroscopy was
used for the verification of the XRD results and for the investiga-
tion of the hyperfine properties.

All Mössbauer measurements were made in transmission
geometry with Doppler velocities of 4.50 mm/s and 2.50 mm/s
using an approximately one-year old 25 mCi Cyclotron Co. 57Co:Rh
source for producing the gamma quanta. Mössbauer spectra were
obtained in the temperature range from 6.1 K to 310 K with an
Oxford continuous-flow cryostat and coolants of liquid He and li-
quid N2 for achieving the temperatures below and above 77 K,
respectively.

The recorded spectra were fitted using two components of the
paramagnetic main phase and two magnetic components for the
impurity. The line intensity, isomer shift, quadrupole splitting,
magnetic field and magnetic field distribution were used as fit
parameters. Isomer shift values were taken relative to α-Fe at
room temperature.

Density functional theory (DFT) calculations of quadrupole
splitting were used for the theoretical study of the iron environ-
ment influence. Calculations was made with the ORCA 3.0.2 pro-
gram package [25].

3. Results and discussion

The phase contents in the polycrystalline BaFe2(As0.68P0.32)2
and EuFe2(As0.8P0.2)2 samples were analyzed by XRD and the ob-
tained patterns are presented in Fig. 1.

For both samples the XRD data analysis revealed a tetragonal
ThCr2Si2-type crystal structure (I4/mmm) of the main
Ba/EuFe2(As1�xPx)2 phase and the presence of a preferred or-
ientation along the 00l direction. This preferred orientation was
taken into account during the fit procedure using the March–
Dollase method integrated into the Rietveld program FullProf [24].
The following lattice parameters of the main phase were found: a
¼ 3.928 Å and c¼12.824 Å for A¼Ba, and a¼3.901 Å and
c¼11.934 Å for A¼Eu. Upon comparing obtained unit cell para-
meters with the ones for undoped samples a shrinkage of the a

and c values can be noticed [9]. In the Ba sample, excluding the
main phase the presence of two impurities was found. One of
them is Fe2P that is usually included in polycrystalline samples
produced by solid-state reaction methods [17,22,26]. Another
impurity with a peak close to 2θ¼29° was also found. This im-
purity was observed earlier by another author but it was not
possible to determine using the PDF-4 database what phase it is
[26,27]. As this impurity does not show up in the 57Fe Mössbauer
spectra, it probably does not contain iron. The XRD pattern of Eu
sample consists of the main phase and small quantities of the
unknown phase.

Superconducting properties were checked using magnetic
susceptibility measurements in the temperature range from 4.2 K
to RT. Obtained curves show a clear superconductivity transition in
the Ba sample: a sharp drop to negative value can be seen in Fig. 2
(a) at 30 K. The Fe2P magnetic impurity has a ferromagnetic or-
dering and gives a small positive background on the susceptibility
data of curve. This background was subtracted from the data
presented in Fig. 2(a). The superconductivity transition of Eu
sample is not observed using the SQUID measurements due to the
magnetic ordering of the Eu2þ atoms at 19 K [18], Fig. 2(b).

The room temperature Mössbauer spectra of the Ba and Eu
samples show the presence only of a paramagnetic phase (Fig. 3
(a) and (b) upper panels) with a clear asymmetry of the resonance
line. For excluding the texture effect Mössbauer measurements at
magic angle were made and only minor changes in the spectra
shape were observed, Fig. 3(a) and (b) lower panels.

In measurements below 270 K the BaFe2(As0.68P0.32)2 sample
develops magnetic sextets from the Fe2P impurity proving that it
completely overlaps with the paramagnetic main phase at room
temperature. Also the literature value for the Curie temperature,

≈T 270 KC [28–30], confirms the assignment of Fe2P to the sextets.
However, despite the splitting of Fe2P the asymmetry of the main
phase remains. The Mössbauer spectra recorded at several selected
temperature are shown in Fig. 4.

The literature values of room temperature IS and QS parameters
for Ba/EuFe2As2 and Ba/EuFe2P2 compounds are IS ¼ 0.31/
0.41 mm/s, QS ¼ �0.03/0.07 mm/s, and IS ¼ 0.28/0.28 mm/s, QS
¼ 0.22/0.16 mm/s, respectively [2,9,31–33]. Therefore, at room
temperature and above the paramagnetic component of the ob-
tained spectra was fitted using a two component model consisting
of an unresolved doublet and a doublet which look very similar to
the two extremes of AFe2As2 (singlet) and AFe2P2 (doublet) phases
of AFe2(As1�xPx)2 (A ¼ Ba, Eu). The Mössbauer parameters of these
paramagnetic components at room temperature are given in Ta-
ble 1. A similar picture with the presence of two Mössbauer
components was already observed recently for the 57Fe Mössbauer
study of EuFe2(As1�xPx)2 materials [31]. The isomer shift values
are compatible with high-spin trivalent iron and low-spin (S ¼ 0)
divalent iron. Chemical analysis indicates that Fe is not strongly
oxidized, i.e. resides in the þ2 oxidation state [34].

At temperatures below ∼140 K Mössbauer spectra show a
broadening of the central paramagnetic component, that is ob-
served down to the lowest measurement temperature 6.1 K (for Ba
sample) and 77 K (for Eu sample), Figs. 4 and 5, respectively. For
the fitting procedure of these broad components a magnetic field
distribution was added to the fitting parameters for the compo-
nent, assigned to the AFe2As2 surrounding. The spectral shape of
the other paramagnetic component remains identical to the room-
temperature one. In this temperature region (below 140 K) the
parent phase AFe2As2 shows a spin-density wave behavior and at
77 K a well resolved magnetic sextet in the Mössbauer spectrum is
observed [9,35]. Then, it can be assumed that, as in parent com-
pounds, the unresolved doublet of Ba/EuFe2As2 in our spectra
shows a spin-density wave (SDW) tendency at temperatures be-
low ∼140 K although a well-resolved magnetic sextet is not
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observed even at very low temperatures. The presence of a SDW in
Ba sample is also confirmed by the small deviation from a straight
line of the ZFC curve on the magnetic susceptibility picture (see
inset in Fig. 2). This deviation remains visible even after removing
of the positive background from ferromagnetic Fe2P. Thus the
studied BaFe2(As0.68P0.32)2 as well as EuFe2(As0.8P0.2)2 shows a
coexistence between magnetism and superconductivity that is
frequently observed for iron-based superconductors [36,37]. Re-
cently a quantum critical point (QCP) at ≈x 0.3 was found in the
phase diagram of BaFe2(As1�xPx)2 [17,38]. The QCP forms a border
between two states of superconductivity (SC above QCP) and su-
perconductivity plus SDW (SCþSDW below QCP) [38]. Due to the
high (30 K) superconducting Tc value in our Ba-sample and the
strong evidence for presence of SDW below Tc, the phosphorus
concentration in our Ba sample should be only slightly below 0.3,
i.e. on left-hand side of the phase diagram.

The complex Mössbauer spectra obtained at room temperature
can be explored by studying the surroundings of the iron atom. In
the parent compound AFe2As2 (A ¼ Ba, Eu) iron has a tetragonal
structure with four neighboring arsenic atoms. During the synth-
esis process the phosphorus atoms replace arsenic and iron will
have from zero to four nearest phosphorus atoms in its

surrounding. The number of phosphorus neighbors obviously in-
fluences the hyperfine parameters of the iron atoms. XRD is not
sensitive to this substitution effect because no long-range ordering
between P and As occurs. As Fe2P orders magnetically below
∼270 K, both paramagnetic components can be assumed to belong
to the main phase: one of them (with the large quadrupole split-
ting value) is due to the AFe2(As1�xPx)2, and the second (with the
small quadrupole splitting value) is due to the pure AFe2As2. In
AFe2As2 one iron atom is tetragonally coordinated by four As
nearest neighbors. A calculation using the binomial distribution of
phosphorus atoms in substituted compounds indicates that the
configurations with 3 As atoms and one P atom (1P3As) (41.16%
and 40.96% for the Ba and Eu samples, respectively) and 4 As
atoms (4As) (24% and 40.96% for the Ba and Eu samples, respec-
tively) in the iron tetragonal coordination dominate. Environments
with more P atoms (2P2As, 3PAs) are lumped together with 1P3As,
as they are also expected to exhibit a deformed coordination tet-
rahedron and hence a non-zero quadrupole splitting. The predic-
tions for component intensities using binomial distribution are
given in Table 1. The observed differences between experimental
values and binomial prediction may be due to strong overlap be-
tween the two paramagnetic components and deviation from a

Fig. 1. X-ray powder diffraction pattern for the BaFe2(As0.68P0.32)2 (a) and EuFe2(As0.8P0.2)2 (b) samples. The peaks from Fe2P and an unknown impurity are indicated.
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true binomial distribution of the environments with more P atoms.
Using DFT calculations estimates for the quadrupole splitting

value can be found for the five situations when there are zero, one,
two, three or four phosphorus atoms in the tetragonal iron co-
ordination. From one to four phosphorus atoms can replace the
positions around iron but these positions are equivalent to each

other and it is enough to examine only one of each.
DFT calculations of the quadrupole splitting were made using

the ORCA program [25,39]. The quadrupole splitting parameter
ΔE( )Q can be calculated from the electric field gradient (EFG) at the
iron nuclei:

a b

Fig. 2. Magnetic susceptibility vs. temperature for BaFe2(As0.68P0.32)2 (a) and EuFe2(As0.8P0.2)2 (b) obtained in the field-cooling (FC, 10 Oe) and zero-field-cooling (ZFC)
regimes of the SQUID measurements. A constant positive ferromagnetic background due to Fe2P was removed from (a).

a b

Fig. 3. Room temperature Mössbauer spectra of EuFe2(As0.8P0.2)2 (a) and BaFe2(As0.68P0.32)2 (b) with γ-ray beam parallel to sample normal (upper panels), and in the magic
angle (lower panels). Components used in the fit were a paramagnetic doublet (light gray/green online) and an unresolved doublet (dark gray/violet online).
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where Vxx, Vyy and Vzz are the principal components of the EFG
tensor, e is the electron charge, Q the nuclear quadrupole moment
and η the asymmetry parameter:

η =
−V V

V
,

(2)
xx yy

zz

where the labeling of the axes is chosen to achieve
| | ≤ | | ≤ | |V V Vxx yy zz . The EFG tensor was found from the ground state
electron density as an expectation value of the field gradient op-
erator [39].

Calculations were made using the B3LYP hybrid density func-
tional in the NORI approximation with a Gaussian-type basis set
TZVP of Ahlrichs for the geometry optimizations with SpecialGrid7
[40]. The isomer shift values of the RT Mössbauer measurement
suggest that the calculations should be made in the iron low-spin-
state ( =S 0) approximation. For the calculation of quadrupole in-
teractions on the iron atom the enlarged CP(PPP) basis set was
used. The number of iterations was increased to 2000 in the
special cases of 1As3P and 1As2P iron environments, which were
slow to converge.

Calculations were made using iron, arsenic and phosphorus
coordinates which were taken from the room temperature XRD
data. The calculated values for the quadrupole splitting are shown
in Table 2.

A reasonable agreement between the calculated and experi-
mental data for the quadrupole splitting values of surroundings

Table 1
Isomer shift and quadrupole splitting values, experimental and calculated (bino-
mial model) values of line intensity of Ba/EuFe2(As1�xPx)2 Mössbauer spectra re-
corded at RT.

EuFe2(As0.8P0.2)2 BaFe2(As0.68P0.32)2

1st component 2nd
component

1st component 2nd
component

IS (mm/s) 0.33 0.56 0.34 0.44
QS (mm/s) 0.119 0.060 0.216 0.003
I(exp) (%) 76 24 79 21
I(binomial) (%) 59 41 76 24

Assignment 1P3Asn 4As 1P3Asn 4As

n Includes surroundings 2P2As, 3P1As and 4P.

Fig. 4. 57Fe Mössbauer spectra of BaFe2(As0.68P0.32)2 recorded at 6.1 K, 77 K and
310 K. Components due to the paramagnetic doublet and singlet (light and dark
gray/green and violet online, respectively) and the magnetic Fe2P impurity (blue
and red online) are indicated.

Fig. 5. 57Fe Mössbauer spectra of EuFe2(As0.8P0.2)2 recorded at 77 K and 310 K.
Components due to the paramagnetic doublet and singlet (light and dark gray/
green and violet online, respectively) are indicated.

A. Sklyarova et al. / Journal of Magnetism and Magnetic Materials 378 (2015) 327–332 331



1P3As and 4As was obtained. Thus, during the substitution process
replacement of one arsenic atoms by phosphorus in the tetra-
hedral iron surrounding seems to be preferred.

4. Conclusions

Polycrystalline AFe2(As1�xPx)2 samples with x ¼ 0.32 and 0.20
for A ¼Ba and Eu, respectively, were examined by XRD, SQUID and
57Fe Mössbauer spectroscopy. Two Fe environments giving rise to
two 57Fe Mössbauer components were observed and assigned to
the pnictide coordinations 4As and 1P3As, respectively. A broad-
ening of the second component down to the 6 K indicates mag-
netic ordering of iron coordinated by 4As of the main phase. This
magnetic ordering coexists with superconductivity below the
transition temperature. The coexistence of magnetism and super-
conductivity suggests that our BaFe2(As1�xPx)2 sample is slightly
to the left ≈x( 0.3)QCP of the recently reported quantum-critical
point in this phase.
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Table 2
Calculated (using DFT) and experimental quadrupole splitting values.

Calc. QS (mm/s) Exp. QS (mm/s)

4As 1P3As 2P2As 3P1As 4P 1st comp.n 2nd comp.nn

EuFe2(As0.8P0.2)2
0.077 0.164 0.383 0.723 0.996 0.119 0.060
BaFe2(As0.68P0.32)2
0.041 0.264 0.207 0.834 0.211 0.216 0.003

n Assigned to 1P3As
nn Assigned to 4As.
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