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The recent discovery of superconductivity in iron
pnictides by Kamihara et al. [1] led to a surge of
interest in this class of materials. within a few
months of this seminal work, superconductivity
was discovered in several iron-based intermetallic
compounds. These are the first non-copper oxide
materials that exhibit superconductivity at relative-
ly high temperatures: the highest critical tempera-
ture 7, achieved so far is 55 K [2,3]. Among them,
tetragonal Fe,Se has the nominally simplest crystal
structure [4], but to obtain a pure PbO-type tetrag-
onal phase is found to be difficult. This is a crucial
issue since the physical properties of Fe,Se are
extremely sensitive to the Fe:Se ratio and the
highest 7, = 8.5 K at ambient pressure was
observed when the material’s composition is clos-
estto 1:1 [5].

In this context, the role played by an excess of Fe
in the ternary iron chalcogenides Fe,(Se,Te)
deserves intense consideration. A ternary material
with x = 1 has so far been found impossible to
obtain, and elemental iron appears to be always
present in the synthesized ternary samples. The
excess Fe ions are supposed to randomly occupy
interstitial sites in the chalcogenide layer [6] and
give rise to a pair-breaking effect in the supercon-
ducting state [7]. Recent experimental studies
clearly demonstrate suppression of superconduc-
tivity [5] and localization effects [8] induced by
excess Fe.

Here, we present a thorough investigation on
synthesis and homogeneity range of binary phases
Fe,Se and Fe,Te as well as on the growth of single
crystals by chemical vapor transport. To scrutinize
the subtle effects of chemical composition on ter-
nary materials Fe,(Se,Te), the physical properties
of single crystalline samples with different compo-
sitions are compared. Therefore, in addition to the
binary in-house material, we investigated ternary
samples obtained from our external collaborators.
These specimens were grown using a horizontal
Bridgman setup. The details of this single crystal

growth and the implicated characterization have
been described elsewhere [9]. Our study of the ter-
nary materials Fe, oo Te, sSe, s and Fe, (4 Te, sSe, 5 is
focused on resistivity, magnetization, linear and
nonlinear responses of ac susceptibility. The results
depict that iron excess causes a broadening of the
superconducting transition, a phase separation in
the superconducting state, and a localization of the
charge carriers in the normal state.

Synthesis of the binary phases Fe,Se and Fe,Te

In our investigation, we concentrate on preparing
pure phases of tetragonal Fe,Se and Fe,Te as well
as the characterization of the synthesized material
with respect to homogeneity range and composi-
tion. In this context, impurities like hexagonal
Fe,Se and elemental iron are considered.

Fe,Te adopts the same crystal structure as tetrag-
onal Fe,Se but does not show superconductivity
down to the lowest investigated temperatures.
However, the phase exhibits a first order structural
transition accompanied by an antiferromagnetic
ordering [6,10]. Fe,Te samples were prepared by
the same procedure as described in detail for tetrag-
onal Fe,Se (see below). According to an analysis of
the lattice parameters (Fig. 1), the homogeneity
range of Fe, Te amounts to 1.060(5) <x < 1.155(5),
which is roughly in conformity with earlier find-
ings [11,12].

Polycrystalline Fe,Se was prepared by solid state
reaction of Fe pieces (99,995%) with Se shots
(99,999%) in molar ratios close to 1:1 (typically
Fe,Se with x = 0.98—-1.02). Glassy carbon crucibles
with lid were filled with Fe/Se mixtures and placed
in quartz ampoules which were sealed under vacu-
um (10~ mbar). The first part of the temperature
program for the reaction (step I in Fig. 2) is similar
to a procedure described earlier [5]. However, in
order to improve homogeneity, the ingot was
ground in a second step, cold-pressed and annealed
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Fig. 1: Lattice parameters at room temperature depending
on the nominal composition Fe /Te. The determinations
were performed with LaBg as an internal standard in the X-
ray powder diffraction experiments. Typical standard devi-
ations amount to 2x10™* A — 6x107* A and are, thus, fre-
quently within the size of the symbols.
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Fig. 2: Temperature program for the synthesis of polycrys-
talline samples of tetragonal Fe,Se.

at 400 °C for 2—-5 days and subsequently quenched
in water to room temperature. Except, the reaction
process, sample handling and preparation were per-
formed in argon-filled glove boxes.

X-ray powder diffraction experiments exhibit
that the prepared polycrystalline Fe,Se samples
mainly contain the tetragonal phase. According to
these measurements, a single phase tetragonal
Fe,Se can be synthesized at a molar ratio of 1:1
within experimental error. Even small changes of
the composition result in impurity phases. As
shown in Figure 3, unreacted iron was observed in
samples with Fe excess while surplus of Se induces
the formation of hexagonal Fe,Se.

Samples with a nominal composition Fe; 4 Se are
single phase according to the findings from EDXS
or WDXS measurements and X-ray powder dif-
fraction data. However, magnetization measure-
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Fig. 3: X-ray diffraction diagram of samples with nominal
composition Fe Se and tetragonal Fe, Se as the main phase
at room temperature (Impurity phases; hexagonal Fe,Se
marked by * and bcc Fe by &)
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Fig. 4: Lattice parameters of samples with nominal com-
position Fe,Se and tetragonal Fe,Se as the main phase at
room temperature. The measurements were performed
using TiO, as an internal standard in the X-ray powder dif-
fraction experiments.

ments at room temperature indicate that even these
samples contain 300 ppm Fe. According to chemi-
cal analysis the samples contain less oxygen than
the detection limit of 0.05 mass %.

The unit cell dimensions for the investigated
compositions Fe,Se with 0.98 <x < 1.02 show very
small, but nevertheless systematic changes. The
analysis of the lattice parameters narrows the
homogeneity range of tetragonal Fe,Se to 1 < x <
1.010(5) (Fig. 4).

Single crystals of tetragonal Fe, ;,Se were grown
from polycrystalline material by chemical vapor
transport using AICl; as a transporting agent. The
evacuated sealed quartz ampoule (diameter 20 mm,
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Fig. 5: Fe,Se single crystals manufactured by chemical
vapor transport in a temperature gradient.

length 100 mm) was filled with a mixture of
~500 g Fe, ooSe powder and ~20 mg AICI; and
placed inside a horizontal resistance oven. The
temperature gradient was 400 °C — 300 °C. The
experiments were carried out over two months.
Single crystals were washed with ethanol to
remove remaining AICl;. As shown in Figure 5, all
crystals have the same plate-like morphology.
Regarding to the phase diagram of the system
Fe—Se, there are still some uncertainties concern-
ing the homogeneity range of phases and the nature
of the phase transitions between tetragonal and
hexagonal Fe,Se. In order to understand the rela-
tion between the tetragonal superconducting phase
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Fig. 6: Synchrotron X-ray powder diffraction data refine-
ment of Fe,Se at 500 °C. Reflection positions of hexagonal
Fe,Se and approximately 3 mol% bcc Fe are represented by
the upper and lower green ticks, respectively. The inset
shows the XRPD pattern of tetragonal Fe,Se at 400 °C (line
positions indicated by green ticks). Red curves show exper-
imental X-ray powder diffraction intensities, the blue lines
represent the difference between observed and calculated
intensities.
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Fig. 7: Magnetic susceptibility of samples with nominal
composition Fe,Se and tetragonal Fe,Se as the main phase.
The discontinuous changes indicate transitions into the
superconducting state.

and the hexagonal modification, in-situ high-tem-
perature X-ray synchrotron radiation diffraction
measurements were performed at the ESRF
(Beamline ID31). Tetragonal Fe,Se (Fig. 6, inset)
remains stable with increasing temperatures up to
440 °C. Above this temperature, the diffraction data
give evidence for a decomposition of tetragonal
Fe, ¢oSe into hexagonal Fe,Se (x < 1) and traces of
bee Fe in full accordance with earlier reports [13-
15]. The transition temperature indicated by the
diffraction experiments is in agreement with the
findings from DTA measurements.

Figure 7 displays the magnetic susceptibility of
Fe,Se samples at low temperature. The characteris-
tic changes indicate superconducting behavior at
low temperatures. The highest 7. = 8.2 K is
observed in samples with a nominal composition
Fe, ¢oSe which is in good accordance with previous
studies and the findings on the ternary varieties
Fe,(Se,Te).

Physical properties of ternary phases Fe,(Se,Te)

The dramatic influence of Fe excess on the electri-
cal transport in ternary phases Fe,(Se,Te) is clearly
visible in Figure 8, where the resistivity as a func-
tion of temperature for the two samples
Fe, oo Te(sSe, s and Fe; o, TegsSeqs is plotted. Both
samples show an onset of the superconducting
transitions at around 7, ~ 15 K (Fig. 8).
Nevertheless, the width of the superconducting
transition increases from 1 K to 6 K as the amount
of excess Fe increases from 4% to 9%. Further, in
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Fig. 8: Resistivity as a function of temperature of samples
Fe,(Se,Te).

the normal state, for 7 < 130 K, sample
Fe, 04 Tey 5S¢, 5 displays metallic behavior (dp/dT >
0) whereas a log 1/T divergence was observed for
Fe, ooTeysSeps. We note that a similar log 1/T
divergence was also observed in the case of the
cuprates [16] and 1111 Fe arsenides [17]. In these
cases, this behavior is ascribed to the onset of insu-
lating behavior via disorder-driven electron local-
ization when the superconductivity is suppressed
by an external magnetic field. In the present case,
however, the log 1/T dependence found in the
absence of any magnetic field can be ascribed to a
similar effect of disorder-induced localization
caused by the excess of iron.

To characterize the superconducting state, we
performed dc magnetization, as well as, linear, and
non-linear ac susceptibility measurements. In our
single crystalline samples, the diamagnetic signal
was observed only in the zero field cooled (ZFC)
measurement protocol. The volume fraction that is
screened by superconducting currents was estimat-
ed to be about 45% [9]. In Figures 9(a) — (d), the
real and imaginary parts of both the fundamental
(1) and third-harmonic (y3) susceptibility are pre-
sented. In a homogeneously superconducting sam-
ple, at the transition, the real part of the linear sus-
ceptibility y’; always changes monotonically to the
full screening value of —1/4z whereas the imagi-
nary part x"; either changes monotonically or dis-
plays a peak. Also, the magnitude of the third har-
monic |3 = (x'5+x"5%)"? forms a peak at 7. In our
samples, y’(T) does not show a full diamagnetic
screening, as seen in Figure 2(a), and y",(T) dis-
plays a shoulder in Figure 2(b) rather than a peak
below 7. Instead of a single sharp peak, y’3(7) and
x"3(T) have double peak structures as can be seen
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Fig. 9: Ac susceptibility as a function of temperature meas-
ured in an ac field of 10 Oe and at a frequency of 1333 Hz
for Fe; oo Te, sSeq s and Fe, o4 Te, sSe, s samples. (a) Real part
x'(T), and (b) imaginary part x" (7) of the linear
susceptibility. (c) Real part x'(T), and (d) imaginary part
x "(T') of the nonlinear susceptibility.

in Figures. 9(c) and (d), respectively. These are
clear indications of a phase separation in the super-
conducting state originating from the magnetic sec-
ondary phases.

In an attempt to extract the effective paramagnet-
ic moments, the dc susceptibility obtained from the
field cooled (FC) measurement protocol is fitted to
=20+ C(T—06)" in the temperature range 180 K
—300 K. Here, yx, is the temperature-independent
susceptibility arising from diamagnetic core and,
paramagnetic van Vleck contributions, as well as
diamagnetic Landau orbital and paramagnetic Pauli
spin susceptibilities from conduction electrons. C
stands for the Curie constant and 6 is the Weiss tem-
perature. It is known that in Fe-containing samples,
an analysis of magnetization data is often hampered
by the contribution of a ferromagnetic impurity [18,
19], and the inverse susceptibility in the paramag-
netic regime can thus be field dependent [9].
Therefore, we utilized the Honda-Owen method
[20] to eliminate the impurity contribution with the
assumption that the magnetization of the ferromag-
netic impurity saturates above a field of about 1 T.
In this method, the magnetic susceptibility M/H is
plotted against 1/H for each temperature [9]. A
Curie-Weiss law can be fitted to the extrapolated
values of the magnetic susceptibilities in the limit
1/H — 0. These values are then used for the Curie-
Weiss fit. From the fit, we obtain y,=0.0019 emu/g
Oe, an effective moment g = 1.49 pg/f. u. and -0
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= 50K for sample Fe,oTe;sSeys. A similar
approach for sample Fe, (4Te, sSeq s provided y, =
0.0017 emu g ' Oe, p = 1.49 pp/f. u., but -0 =
88 K. A Curie-Weiss behavior in the iron chalco-
genides has been reported by other research groups
as well [21] and is attributed to Fe excess with
localized moments. However, additional investiga-
tions are needed to understand the precise role
played by the excess iron in the physical properties
of the ternary phases.

Conclusions

A thorough investigation of the phase relations and
the chemical composition of synthesized Fe,Se
provided the basis for the preparation of pure
tetragonal Fe, o Se(t). Moreover, single crystals of
several millimeters edge length could be obtained
by chemical transport reactions. However, the find-
ing of 300 ppm Fe even in the hitherto purest pow-
der samples of Fe, (,Se stresses the importance of a
thorough characterization of the samples since iron
excess dramatically influences the magnetic and
transport properties. When the amount of excess Fe
in samples Fe,(Se,sTe,s) is increased from 4 to
9%, a log (1/T) divergence is observed in the tem-
perature dependence of the resistivity. This result
suggests a magnetic-impurity and/or disorder-driv-
en electronic localization by the presence of excess
Fe. Further, this excess of Fe seems to possess local
moments and lead to a phase- separated supercon-
ducting state.
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