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Abstract We have investigated the physical properties of single-crystalline K,Fe;_,S> and
K Fe;.,Se; samples using 5TFe Mossbauer spectroscopy. The observed 3’Fe Mossbauer
spectra were reconstructed using a major antiferromagnetic ordered KyFesSes phase and
a minor paramagnetic phase down to 5 K, despite being superconducting below 32.2 K in
K Fe;.,Se,. The analysis of 5TFe Méssbauer spectrum for K Fe;., S at 290 K confirms the
presence of a major antiferromagnetic ordered K,FesS5 phase and a minor paramagnetic
phase in the K, Fe,.,S; single crystal. The derived hyperfine interaction parameters of the
paramagnetic phase in K Fe;_, S, suggest that the microstructure of this phase in K Fe;., S,
is similar to that of the superconducting phase in K Fe;_,Se; although the K Fe;_,S; single
crystals exhibit no superconductivity down to 5 K.

Keywords Iron-based superconductor - Phase separation - Mdssbauer spectroscopy

1 Introduction

The newly discovered alkaline iron selenide superconductors K, Fe;_,Se;, with supercon-
ducting transition temperatures (7;) around 32 K at ambient pressure contain two distinct
phases in their microstructures by a phase separation [1-3]. One is a major insulating phase
with a chemical formula K;FesSes and the other is a minor superconducting phase. The
structures of these two phases are related to the tetragonal ThCr,Siy structure with the
I14/mmm space group. In the major insulating phase, Fe vacancies in FeSe layers are ordered
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in the ab plane, which is characterized by a modulation of g = 1/5 (3a*+b*), where a* and
b* represent the reciprocal lattice parameters a and b in the tetragonal ThCr,Si, structure.
An antiferromagnetic (AFM) transition occurs at 75 = 559 K in the major insulating phase
and its magnetic structure was determined to be a collinear AFM one with O, = (101) by
neutron diffraction [4], where the magnetic easy axis is along the c-axis and the Fe magnetic
moment was evaluated to be ~3.3 up. In the minority superconducting phase, the structure
is characterized by a modulation of go = 1/2(a * +bx*) originating from the K-vacancy
order in the ab plane [3]. The phaseseparated pattern on the micrometer scale often adopts
notable stripe configurations along the <110> direction in the ab plane and these stripe
areas correspond to the superconducting phase [2, 3]. The area ratio between the insulating
and the superconducting phases was estimated to be about 4:1 [2, 5].

The scanning and transmission electron microscopic studies reveal also a phase sepa-
ration in K Fe; ;S,, where the microstructures depend on the Fe concentrations [6]. In
Ko.gFe; 8S, the two microstructures are similar to those in the K, Fe;_ySe; superconductors
[6]. In Kq gFe 5552, however, two microstructures are characterized by two different Fe-
vacancy orders with g1 = 1/5Q3a * +bx) and g3 = 1/4(3a * +bx), respectively [6]. The
X-ray diffraction studies indicate that K ggFe 6352 has the /4/m symmetry, incorporating
the Fe-vacancy order site as in the case of the AFM ordered K;Fe4Ses phase [7]. From the
results of the magnetization measurements, K;Fe;.,S, with a similar composition to the
K Fe;.,Se> superconductors shows an AFM transition at 7y = 565 K [8] with spin-glass-
like behavior and no superconductivity below 32 K [7, 8] The systematic investigations of
the electronic states of the Fe atoms in K Fe;.,Chy (Ch = S and Se) are important for
understanding the mechanism of superconductivity in K, Fe.,Se;.

We have synthesized the single-crystalline K,Fe;.,Ch, and measured the STFe
Mbossbauer spectra of K, Fe,_,Ch, using the single crystals to investigate the microstructures
and the electronic states of the Fe atoms in K Fe;.,Ch;.

2 Experimental details

Single crystals of K, Fe.,Ch, were grown by a self-flux method [8, 9] The polycrystalline
FeS starting materials were synthesized from stoichiometric mixtures of Fe chunks (4N)
and S chunks (6N) by gradually heating up to 800 °C for 12 h. The polycrystalline FeSe
starting materials were also synthesized from stoichiometric mixtures of Fe chunks (4N)
and Se chunks (4N) by gradually heating up to 1000 °C for 12 h. The K pieces and the FeCh
polycrystals were sealed into two wall quartz tubes with the nominal composition K:FeCh
= 0.8:2 with argon gas under a pressure of 0.4 atmospheres at room temperature. These
mixtures were heated to 1050 °C in 4 h and then kept at 1050 °C for 2 h, and later slowly
cooled down to 750 °C at a rate of 6 °C/h. After that, the mixtures were cooled down to
room temperature by shutting down the furnace. The plate-like K Fe;.,Ch; single crystals
were cleaved from the final products. The typical dimensions of the obtained plate-like
single crystals are ~3x3 x 1 mm?>.

X-ray diffraction pattern were measured with Cu K, radiation using a Rigaku Miniflex
II diffractometer equipped with a graphite crystal monochromator for removal of the Cu Kg
radiation and fluorescence X-rays from the sample. The magnetization measurements were
carried out by using a Quantum Design MPMS-SQUID magnetometer. The 3’ Fe Mossbauer
experiments were performed using a conventional constant-acceleration type spectrome-
ter with a >’Co in Rh source and the velocity scale was calibrated with an a-Fe foil. The
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absorbers with an area of 80 mm? were composed of the several plate-like K, Fe;_,Ch; sin-
gle crystals with the tetragonal c-axis perpendicular the absorber planes. The thicknesses of
the K Fe; ,Se; and K, Fe,.,S, absorbers are approximately 40 and 100 pwm, respectively.
The direction of the incident y-rays was parallel to the tetragonal c-axis of the K Fe;_,Ch;
absorber.

3 Results and discussion

All sharp diffraction peaks in the X-ray diffraction patterns observed in the K Fe; ,Ch;
single crystals are indexed by the (00/) diffraction, indicating that the crystallographic c-
axes are perpendicular to the surfaces of the plate-like single crystals. The lattice constant
of the c-axis for K Fe; ,Se; was evaluated to be 14.13(6) A from the (007) diffraction
peaks by extrapolating the apparent lattice constant to zero (6 = 90°) of the Nelson-Riley
function. This value is comparable with those of the previous reports [1, 5, 9, 10]. The
diffraction peaks are attributed to the AFM ordered K>Fe4Ses phase with the 74/m space
group. The lattice constant of the c-axis for K Fe;.,S; was evaluated to be 13.53(4) A by
the same procedure as for K,Fe;.,Se;, which is consistent with those of K;Fe4S5 within
our experimental error [7, 8].

Figure 1 shows the external magnetic field, H, dependence of the magnetization, M,
for the K Fe;.,S; single crystal at 5 K with H perpendicular to the c-axis. Since M of
K Fe>.,S> almost linearly increases with H, K Fe;,S; is in a normal conducting state
down to 5 K and the magnetic susceptibility was evaluated to be 2.1 x 10~ emu/mol at 5 K
which is quantitatively consistent with the previous reports [7, 8]. In contrast superconduc-
tivity appears below 72" = 32.2 K in the single-crystalline K, Fe,_,Se, samples, which
was determined from the temperature dependence of M for K, Fe,_ySe; with H = 10 Qe.
This 72" value is in good agreement with those of the previous reports [1-5, 9]. The M
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Fig. 1 Magnetic field, H, dependence of the magnetization, M, for the K Fe;.,S, single crystal (solid
circles) and the magnetization, AM, of the superconducting phase for the KXFez,y'Seg single crystal (open
circles) at 5 K with H perpendicular to the c-axis. The AM values were evaluated from the difference
between the M values at 5 K and above 72" for the K Fes.,Se, single crystal
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values with H = 10 kOe are almost independent of temperature from 72" to 300 K. The
AFM ordered K;Fe4Ses and the superconducting phases coexist in the K Fe;.,Se, single
crystal. Since the superconducting phase is in the Pauli paramagnetic state above 72", the
M values above T™ for K Fes.,Se; mainly originate from the AFM ordered K,>Fe4Ses
phase. Thus, we have evaluated the magnetization, AM, at 5 K for the superconducting
phase in the K, Fe,_,Se; single crystal from the difference between the M values at 5 K and
above T2™°'. As seen in Fig. 1, K Fes.,Ses shows diamagnetism up to H = 30 kOe and
the shape of AM is similar to that of a typical type-II superconductor.

The 3"Fe Massbauer spectra observed using the single-crystalline K,Fe;.,Se; absorber
are shown in Fig. 2. The spectrum at 5 K consists of a major magnetic sextet and a minor
paramagnetic doublet. As seen in Fig. 2, these characteristic features in the spectra do not
change with increasing temperature to 290 K. The minor paramagnetic doublet is asym-
metry and the intensity ratio is almost 3:1, indicating that the z-axis of the diagonalized
electric-field-gradient tensor at the paramagnetic Fe site is parallel to the c-axis of the crys-
tal. We have analyzed these M&ssbauer spectra according to the procedures given by Z. Li et
al. [5] and V. Ksenofontov et al. [11], where the 37Fe nuclear Hamiltonian for the magnetic
and the electric quadrupole interactions with arbitrary relative orientation was diagonalized
within the assumption of the asymmetry parameter 1 (= (Vxx — Vyy)/ Vz,) = for the major
magnetic sextet. As shown in Fig. 2, all observed spectra were reconstructed using the major
magnetic sextet (79 %) and the minor paramagnetic doublet (21 %). The derived hyperfine
interaction parameters are listed in Table 1. The corresponding parameters derived from the
major magnetic sextet in the spectrum at 5 K are in good agreement with those obtained
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Table 1 Derived center shift, 8¢, electric quadrupole interaction, e Q V,./2, magnetic hyperfine field, Hyr,
and angle, 6, between the z-axis of the diagonalized electric field gradient tensor and the direction of Hys for
K. Fes.,Se; and K Fes.y Sy

8¢s (mm/s) eQV _,/2(mm/s) Hps (kOe) 0(°)

KxFez ySes

SK Mag. 0.68(1) 1.14(2) 285.5(5) 44(3)
Paramag. 0.70(2) —0.40(2)

77K Mag. 0.67(2) 1.08(3) 284.0(5) 43(4)
Paramag. 0.66(3) —0.314(2)

290 K Mag. 0.56(2) 0.96(3) 260.7(7) 43(5)
Paramag. 0.52(3) —0.19(3)

KxFez.yS2

290 K Mag. 0.54(1) 1.00(2) 267.4(3) 47(2)
Paramag. 0.49(1) —0.20(2)

from the spectra at 10 K [5, 11]. The evaluated intensity ratio between the major magnetic
sextet and the minor paramagnetic doublet is qualitatively consistent with the area ratio
between the AFM ordered K;Fe4Ses and the superconducting (stripe patterns area) phases,
which was estimated by the scanning electron microscopic study [2]. Accordingly, the major
magnetic sextet in the observed spectra results from the Fe atoms at the 16i site in the AFM
ordered K>Fe4Ses phase with the 74/m space group and the minor paramagnetic doublet is
attributed to the Fe atoms in the superconducting phase.

Figure 3 shows the ’Fe Mdssbauer spectrum of the single-crystalline K. Fe>.,S»
absorber at 290 K. As seen in this figure and Fig. 2c, the characteristic features are similar
to those of the single-crystalline K, Fe;.,Se; absorber at 290 K Therefore we have also ana-
lyzed the Mdssbauer spectrum of K Fe;.,S; using the same procedure as for K, Fe;_ySe;.
The spectrum was well fitted using a major magnetic sextet (88 %) and a minor paramag-
netic doublet (12 %). The derived hyperfine interaction parameters are listed in Table 1. The
hyperfine interaction parameters of the major magnetic sextet are comparable with those for
K Fe;_ySe; at 290 K. The results indicate that the Fe electronic state in the major magnetic
sextet of K Fes.,S; is similar to that in the AFM ordered K>Fe4Ses phase. The superlat-
tice diffraction peaks were observed in Ko ggFej ¢3S2 by the X-ray diffraction, indicating
that the crystal structure of Ko ggFe; 6352 has the 74/m symmetry [7]. Therefore, the major
magnetic sextet of the KyFes.,S> spectrum results from the Fe atoms at the 16i site of the
AFM ordered K;Fe4Ss phase.

The intensity ratio in the paramagnetic doublet extracted from the Mdssbauer spectrum
of K,Fe,_S; indicates again that the z-axis of the diagonalized electricfield-gradient ten-
sor at the paramagnetic Fe site is parallel to the crystalline c-axis. As seen in Table 1,
the derived eQV ,,/2 value agrees with that of the paramagnetic Fe site in K Fe;_Se; at
290 K within our experimental error. These results suggest that the local symmetry at the
paramagnetic Fe site in K Fe; S, is very similar to that at the paramagnetic Fe site of
the superconducting phase in K,Fe;.,Se,. Furthermore, the derived §.; value is consistent
with that of the paramagnetic Fe site in K Fe;_,Se; at 290 K. Thus, the microstructure of
the paramagnetic component in K Fe;.,S; is similar to that of the superconducting phase
in K,Fe>.,Se;. However, the K, Fes.,S; single crystals do not exhibit superconductivity
down to 5 K. Since the evaluated c-lattice parameter of K Fe;.,S; is about 5 % shorter
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Fig. 3 37Fe Mossbauer spectrum
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than that of KFe; ,Se;, the local volume of the FeS, tetrahedron is smaller than that of
the FeSey tetrahedron. Generally, Fe-S bonds are more covalent than Fe-Se bonds. The
smaller local volume and the covalent character in the Fe-S bonds may affect the Fe elec-
tronic state in the paramagnetic component in K, Fe,.,S>. Although &, is a good scale for
the Fe electronic state, there are two different components contributing to §.5. One is the
isomer shift which is directly related to a Fe electronic state in a compound and the other
is the second-order Doppler shift which comes from vibrational properties of Fe atoms in a
compound and on the local binding strength, as expressed by the local Debye temperature.
The contribution of the second-order Doppler shift to §.; can be determined by measuring
the temperature dependence of §.; as demonstrated recently for related FeSe-based super-
conductors [12]. Therefore, we plan to measure Mdssbauer spectra of the single-crystalline
K\ Fe., S absorber at low temperatures to investigate the Fe electronic states of the two
microstructures in K, Fez.,S.

Finally, we have to mention that the exact compositions of our single-crystalline
K Fe;.,Chy samples have not been determined so far directly. In our single-crystalline
K Fe;.,Se, samples, however, the c-lattice parameter evaluated and the results of the mag-
netization and °’Fe Mossbauer measurements suggest that the composition is very near to
that of the Ko gFej 99Se; superconductors [5]. From the evaluated values of the c-lattice
parameter and the magnetic susceptibility, our single-crystalline KFe; S, samples may
have a similar composition to that of the Ko ggFe; 6352 compound [7].

4 Summary

The K Fe;.,Ch; single crystals were synthesized by the self-flux method. We have mea-
sured the ’Fe Mossbauer spectra of the K Fe;.,Ch; single-crystalline samples. Despite
being superconducting below T2 = 32.2 K, all observed 5TFe Mossbauer spectra of the
single-crystalline K Fe.,Se, absorber were reconstructed using the major AFM ordered
K;Fe4Ses phase and the minor paramagnetic superconducting phase in the temperature
range from 5 to 290 K. 37 Fe Méssbauer study of the K Fe;.,S; single crystals at 290 K con-
firms the presence of the major AFM ordered K;Fe4S5 phase and the minor paramagnetic
phase. The derived 8.5 and eQV . /2 values of the paramagnetic phase in the K Fe; ;S
single crystal indicate that the microstructure of the paramagnetic phase in K,Fes.,S; is
similar to that of the superconducting phase in K Fe;.,Se, although the K, Fe; S, single
crystals do not exhibit superconductivity.
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