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Abstract: The quasi-one-dimensional antiferromagnetic insulator BaFe;S; becomes superconducting
under a hydrostatic pressure of ~10GPa. Single crystals of this compound are usually obtained
by melting and further slow cooling of BaS or Ba, Fe, and S, and are small and needle-shaped (few
mm long and 50-200 um wide). A notable sample dependence on the antiferromagnetic transition
temperature, transport behavior, and presence of superconductivity has been reported. In this work,
we introduce a novel approach for the growth of high-quality single crystals of BaFe,S3 based on a
laser-assisted floating zone method that yields large samples free of ferromagnetic impurities. We
present the characterization of these crystals and the comparison with samples obtained using the
procedure reported in the literature.

Keywords: iron-based superconductor; BaFe;Ss; laser-assisted floating zone technique; single crystal

1. Introduction

Since the discovery of superconductivity in LaO;_4FxFeAs in 2008 [1], a great effort
was devoted to the study of iron-based superconductors [2—4]. While most of the materials
in this class share a layered crystalline structure [5], the finding of superconductivity in
the quasi-one-dimensional iron chalcogenides BaFe,S3 [6,7] and BaFe;Se; [8] represented
an interesting surprise. The building blocks of these compounds are two-leg ladders
of edge-sharing Fe(S,Se)s tetrahedra, as shown in Figure 1 for BaFe;S;3, that contrast
with the planes of FeAs, or FeSe; tetrahedra common to other members of the family.
BaFe,S3; and BaFe,Ses also differ from other iron-based superconductors in that they are
antiferromagnetic insulators at ambient pressure and superconductivity only emerges
under hydrostatic pressure [6-9]. These unique characteristics make them intensively
studied both theoretically and experimentally [10-13].

BaFe; 53 presents a stripe-type antiferromagnetic order below Tn~120K [6]. Under hy-
drostatic pressure, Ty increases up to 185K for 7.5 GPa and then undergoes a sudden drop
near the insulator-to-metal transition [14]. The superconducting state emerges at P~10 GPa,
reaching a maximum T,~24 K [7]. However, the value of the Néel temperature and the
presence of superconductivity seem to depend on specific features of the growth proce-
dure [6,15-17]. Starting from a stoichiometric ratio of BaS or Ba, Fe, and S does not always
lead to samples that present superconductivity under hydrostatic pressure [6,17]. The use
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of a slight Fe excess in the nominal content was reported to promote the appearance of
superconductivity. Moreover, samples that present superconductivity under hydrostatic
pressure were reported to have higher values of Ty [6]. Another typical problem of the
samples described in the literature is the existence of impurity phases that are clearly seen
in magnetization loops, obscuring the intrinsic properties of BaFe,;S3 [15,18]. The fact
that these impurity phases exhibit a rather large magnetic response makes the accurate
description of the intrinsic physical properties of BaFe;S3 a real challenge. It is also unclear
how the sample purity affects the appearance of superconductivity at high pressure.

Figure 1. Crystal structure of the quasi-one-dimensional iron chalcogenide BaFe,Ss.

Previously, we have reported the growth of BaFe;S; crystals using a Bridgman-like
method based on optical heating [15]. This approach allowed us to obtain samples free
of ferromagnetic impurities, although tiny traces of nonmagnetic 5iO, inclusions have
been detected due to the weak reaction between the melt and the quartz crucible. It is
worth mentioning that all previously reported BaFe;S; crystals were prepared using a
crucible-based technology. From this point of view, a crucible-free floating zone technique
seems to be a promising choice to grow inclusion-free BaFe,S3 crystals.

In this work, we report the floating zone growth of BaFe;S; crystals using a laser-
assisted floating zone furnace. We present a characterization of the composition, the crystal
structure, the magnetization, and the resistivity of the as-grown crystals and the comparison
with samples grown by the standard procedure previously reported in the literature [6,15].
This characterization confirms the improvement in the quality of the crystals and the
suppression of ferromagnetic impurities.

2. Materials and Methods

The precursor material was obtained following a protocol commonly used and well
described in the literature [15]. BaS powder, 200 mesh (Alfa Aesar 99.7%), Fe powder,
70 mesh (Acros organics 99%), and S pieces (Alfa Aesar 99.999%) were mixed in a molar
ratio 1:2.05:2 using an agate mortar under Ar atmosphere (<0.5ppm O, and H;0). The
obtained mixture was placed in a glassy carbon crucible and sealed in an evacuated quartz
ampule, which was heated up to 1100 °C in a vertical position in a Nabertherm chamber
furnace, and slowly cooled down to 750 °C at 10 °C/h. After 2h at 750 °C, the furnace was
switched off. An ingot was formed at the crucible bottom, from which needlelike single
crystals of few mm length and 50-200 um width could be detached.

This precursor material was ground and filled into a rubber tube in a high-purity Ar
atmosphere (MB 150B-G glovebox, <0.1 ppm O, and H,O). The rubber tube was tightly
closed to avoid exposure to air and pressurized under a hydrostatic pressure of 2500 bar.



Crystals 2021, 11, 758

30f11

The pressed rod with a diameter of ~0.5cm was finally sintered at 650 °C for 20h in a
horizontal tube furnace in Ar flow of 0.51/min. In order to avoid any contact between the
rod and the furnace, a glassy carbon boat was used. Because of the relatively low melting
point of BaFe;S3, approximately 800 °C based on our preliminary DTA measurements,
the as-sintered feed rod was quite porous but mechanically stable.

Initially, we tried to grow this material using a conventional four-mirror-type im-
age furnace (CSI, Japan) equipped with 300 W halogen lamps. Prior to the growth run,
the growth chamber was evacuated down to a pressure of 103 mbar and consequently
filled with Ar (5N) gas. This step was repeated three times in order to avoid oxygen
contamination. Nevertheless, after 1.5-2.0 h, the molten zone was completely covered by
a solid layer due to the oxidation. Additionally, a strong penetration effect was observed
due to the feed rod porosity. Both effects terminated the growth run in 3—4h.

Finally, we successfully grew BaFe,S3 using a recently developed laser-assisted float-
ing zone furnace with a magnetic sealing (CSI, Japan) operated at MPI-CP{S Dresden.
The machine was equipped with five semiconductor laser diodes with a total power of
5 x 200 W. The wavelength of the laser light was 976 nm with a rectangular beam profile
of 4 x 8mm?. The pinpoint character of laser heating makes the temperature gradient
across the solid-liquid interface extremely steep [19] (over 1500 °C/cm), preventing the
penetration of liquid from the molten zone into the porous feed rod. This resulted in a
stable molten zone during the whole growth run (approximately 12 h). Prior to the growth,
we evacuated the chamber and the gas line up to 10~¢ mbar and filled with purified Ar gas.
Using an in-built Ar purifier (SAES Pure Gas, Inc.), the levels of O; and H;O in the Ar flow
were decreased from ppm to ppb level. The growth was performed at 4 mm/h. The feed
and seed rod were counter-rotated at 20 rpm. The applied Ar pressure was 7 bar.

The grain selection through the rod was analyzed with an optical microscope (Carl
Zeiss) using polarized light.

The composition and morphology were studied with a Zeiss EVOMA15 scanning
electron microscope (SEM) with AzTec software equipped with an electron microprobe
analyzer for semiquantitative elemental analysis using the energy-dispersive X-ray (EDX)
mode. We used BaF; and FeS, standards and performed around 50 measurements for
each sample. We only took the measurements where the total weight percent (wt %) was
between 95 and 105 wt % into account.

Powder X-ray diffraction measurements were carried out in briefly crushed single
crystals, since prolonged grinding proved detrimental to crystallinity, inducing consid-
erable broadening of Bragg peaks and decreasing intensity. The data were collected at
ambient temperature with a STOE STADI P diffractometer equipped with a MYTHEN 2 K
detector using Mo-K,; radiation. The structure refinement was performed using the Full-
Prof Suite program [20]. Due to the highly textured nature of the powder, atomic positions
and displacement parameters were not refined, but initially fixed to the values obtained
from the literature [15]. After the single crystal X-ray diffraction analysis, the powder X-ray
diffraction refinement was revisited with the values obtained for the crystals grown by the
laser-assisted floating zone method. No significant change was found, indicating good
convergence of the refinement.

The single crystal X-ray diffraction data were collected at ambient temperature on a
Bruker-AXS KAPPA APEX II CCD diffractometer with graphite-monochromated Mo-Ky
X-ray radiation (50kV, 30mA). A single crystal of 50 x 50 x 90 um? in size was isolated
from the as-grown ingot obtained from the laser-assisted floating zone growth and glued
on top of a glass capillary. The crystal-to-detector distance was 45.1 mm. The detector
was positioned at 2@ = 30° and 45° using an w-scan mode strategy at four different ¢
positions (0°, 90°, 180° and 270°). The Bruker APEX3 software suite [21], SAINT [22], and
SADABS [23] were used to perform the data processing, the integration of the reflection
intensities, and the correction of the multiscan absorption, respectively. The subsequent
weighted fullmatrix least-squares refinements on F? were performed with SHELX-2012 [24]
as implemented in the WinGx 2014.1 program suite [25]. The crystal structure was refined
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with anisotropic displacement parameters for all atoms and using the lattice constants
determined via Rietveld refinement of the powder pattern.

The rocking curves were measured at room temperature using a custom-made high-
resolution X-ray diffraction system, providing monochromatic Mo-Kg radiation with a
divergence of 1 mrad and a beam diameter of 90 pm. The measurements were performed
in transmission geometry on a small piece (approximately 200 x 200 pm? area and 100 pm
thickness) of the ingot obtained from the laser-assisted floating zone growth.

X-ray Laue back-scattering was performed using a Multiwire detector, white radiation
from a tungsten X-ray tube, and a collimator of 0.5 mm.

Magnetization measurements were performed in a vibrating sample superconducting
quantum interference device magnetometer (SQUID-VSM) from Quantum Design. All
measurements were carried out after cooling in zero field. To reduce the remanent field
of the superconducting magnet to less than 2 Oe before each measurement, we applied a
magnetic field of 5T at ambient temperature and then removed it in an oscillation mode.
The magnetic field was applied parallel to the needle direction of the single crystals that
corresponds to the c-axis.

The resistivity measurements were carried out in an OXFORD cryostat using a four-
probe configuration. We used gold wires and silver paste for the electric contacts. The cur-
rent was applied along the c-axis and its value depends on the temperature. At 300K,
we used 0.4mA decreasing linearly to 0.1 mA at 100K, 0.01mA at 70K, 0.001 mA at 60K,
0.0001 mA at 50K, and 0.00005mA at 40 K. Varying the current by one order of magnitude
did not induce any changes in the value of the resistivity. Therefore, we can rule out Joule
heating effects. Moreover, no change in the resistivity behavior was observed when using
a constant current of 0.00005 mA below 150 K.

3. Results

The stable molten zone during BaFe;S; growth is shown in Figure 2. Although some
level of liquid penetration into the feed could be observed, it was dramatically suppressed
compared to that detected in the conventional image furnace.

Figure 2. Crystal growth of BaFe;S3 in the laser floating-zone furnace.

No S evaporation was observed and the quartz tube was completely clean after the
growth run. Since BaFe;S; melts at a relatively low temperature of about 800 °C in Ar
atmosphere, the growth was performed at low laser output power (6.7-7.0%). Nevertheless,
the molten zone was extremely stable during the growth and no overspills were noticed
compared to the conventional image furnace. The molten zone was not oxidized and
had no solid particles on its surface in contrast to the previous experiment in a CSI image
furnace. The as-grown ingot is shown in Figure 3a. Sections were cut off from the beginning
and the end-portion of the as-grown ingot as indicated in Figure 3, and polished to a mirror
finish. The polarized optical microscope study of these slices shows the strong grain
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selection during the growth. Thus, the end-portion consists only of a few large grains
(Figure 3c). In the rest of the work, the crystals obtained from this ingot will be labeled
“LFZ” to differentiate them from the precursor crystals obtained by the standard growth
procedure [15].

Figure 3. (a) As-grown ingot of BaFe;S3. The scale is in cm. The dotted lines indicate the cuts
corresponding to (b) the longitudinal section of the seeding and (c) the cross-section of the end
portion. The images in (b,c) were obtained using polarized light.

Figure 4 presents backscattered electron (BSE) images of the precursor and of the
end-portion of the as-grown ingot (LFZ). While the precursor exhibits a textured surface
with striations representative of the needle conglomerate, the end-portion of the ingot
shows a smooth surface. The average composition in each region is in good agreement with
the expected BaFe,S3 within the accuracy of the method [26,27], as presented in Table 1.
However, the statistical dispersion of the measurements of the end-portion of the ingot is
reduced by almost an order of magnitude with respect to the precursor. Though inclusions
of FeS and Fe have been observed in the precursor, no impurity phases have been identified
in the LFZ grown crystals.

Figure 4. SEM images in the BSE-mode for (a) precursor and (b) end-part of the LFZ ingot.

All of this indicates an improvement in the quality of the samples grown with the
laser-assisted floating zone furnace with respect to the standard growth procedure. This
result also represents an improvement with respect to previously reported samples grown
by a Bridgman-like method based on optical heating, which did not present ferromag-
netic impurities but contained nonmagnetic SiO, inclusions stemming from the quartz
crucible [15].
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Table 1. Average composition of the precursor and the end-part of the ingot (LFZ) in at%. The stan-
dard deviation is indicated in parenthesis.

Ba Fe S
Precursor 17.2(1) 32.9(3) 49.9(4)
LFZ 17.16(4) 32.79(6) 50.05(9)

Powder X-ray diffraction patterns from crushed single crystals of the precursor and
LFZ samples are presented in Figure 5a. The majority of the reflections can be identi-
fied with the orthorhombic structure with a space group Cmcm previously reported for
BaFe,S3 [6,15,28,29]. The differences in the relative intensity of the reflections between both
samples can be associated with the preferred orientation in the powder due to the strong
anisotropic morphology of the crystallites. The lattice parameters, obtained from a Rietveld
refinement, are a = 8.7799(3) A, b = 11.2248(4) A and ¢ = 5.2842(2) A and a = 8.7757(3) A,
b =11.2248(4) Aandc= 5.2831(2) A for the precursor and LFZ, respectively. The reliability
indices of the Rietveld analysis are y? = 2.08, Bragg R-factor = 4.48 and RF-factor = 3.28 for
the precursor and x? =2.64, Bragg R-factor = 4.67 and RF-factor=3.08 for LFZ. No significant
difference between both kind of samples can be identified. Additionally, the parameters
are in good agreement with the literature [6,15].
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Figure 5. (a) Powder X-ray diffraction patterns and Rietveld refinements for precursor and LFZ
samples. The data are shifted vertically for clarity. (b) Rocking curve of an LEZ-grown crystal for the
(711) reflection. (c) Laue pattern for an LFZ-grown single crystal. The ¢ direction (horizontal in the
image) is ~10 ° away from the growth direction.

The analysis of the powder X-ray diffraction patterns indicates the presence of a small
quantity of an impurity phase for both samples. Such extra reflections, often accompanying
the 123 phase, have been proposed to correspond to BayFe;Ss, which could be the average
structure of a BaFepS; polymorph [30]. From the Rietveld refinement, the fraction of
BayFe4Ss can be estimated to be ~2.1wt % and ~2.6 wt % for the precursor and LFZ,
respectively. The presence of an extra phase could be expected from the incongruent
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melting of BaFeyS; as observed from the penetration effect in the feed, which is also
compatible with our preliminary DTA measurements.

The crystal structure of the LEZ crystal was also studied using single crystal X-ray
diffraction. Experimental details on the data collection and results of the structural refine-
ment are summarized in Table 2; the fractional atomic coordinates, equivalent isotropic
displacement parameters, and occupation factors are compiled in Table 3; the anisotropic
displacement parameters are listed in Table 4.

Table 2. Details on data collection and structure refinement of a LEZ crystal as determined from single crystal X-ray diffraction.

Crystal Data Data Collection Refinement
Temperature (K) 295 2 Omax (°) 62.93 Nparameters 21

Space group Cmcm Absorption correction Multiscan Ry > 40 (%) 1.46

a(A) 8.7757(3) Tinin 0.5834 Ry all (%) 1.86

b (A) 11.2248(4) Tonax 0.7462 WRy > 40 (%) 3.13

c (A) 5.2831(2) N easured 5807 wRy all (%) 3.25

z 4 Nindependent 499 G.OF 1.140
M, 345.17 Ript (%) 293 Appin (A7) —0.865

Pcale (g-cm™3) 4.406 APpax (e-A73) 0.889
i (mm~1) 14.009 weight w (a,b) 0.0160
0.4559

Tyin = minimum transmission, Tyey = maximum transmission, Ry = ¥ | o | — | E || /2 | F |, wRy = {L[w(E? -

F2)2)/ C[w(F3)}V2, w = 1/[(¢?(FZ)) + (aP)? + bP] where P = [2F2 + max(F2,0)]/3.

Table 3. Fractional atomic coordinates, equivalent isotropic displacement parameters, and occupation
factors of a LFZ single crystal at 295K.

Atom Site x y z Uy (A2) Occupancy
Ba 4c 0.5 0.18632(2) 0.25 0.01854(8) 1
Fe 8e 0.34635(4) 0.5 0 0.01115(9) 1.000(2)
Sy 4c 0.5 0.61569(8) 0.25 0.0115(2) 1
S, 8¢ 0.20762(8) 0.37821(7) 0.25 0.0194(2) 1

Table 4. Anisotropic displacement parameters (A?) of a LFZ crystal at 295 K.

Atom Uy Uy, Uss Uy U3 Uy
Ba 0.0187(1)  0.0231(1)  0.0138(1) 0 0 0
Fe 0.0098(2) 0.0162(2) 0.0074(2) 0.00003(14) 0 0
S, 0.0118(3)  0.0133(4)  0.0093(4) 0 0 0
S, 0.0188(3) 0.0280(3) 0.0113(3) 0 0 —0.0124(3)

In agreement with the results of the powder X-ray diffraction, the analysis of sys-
tematic extinctions and the subsequent structure refinement confirm that the LFZ sample
crystallizes in the orthorhombic space group Cmcm (No. 63). Hirata et al. proposed that
the presence of Fe vacancies affects the electronic and magnetic properties in BaFe,Ss [16].
In order to exclude this issue, the Fe-occupancy was allowed to vary freely during the
crystal structure refinement. However, in line with the results from the EDX analysis,
no compelling factor was found to suggest a Fe off-stoichiometry. The final refinement
with the anisotropic atomic displacement parameters and consideration of possible Fe
vacancies converged at final Ry (all data) = 1.86 % and wRy(all data) = 3.25 %, showing a
good agreement with previous reports [15].

X-ray diffraction experiments on single crystals show a full width at half maximum
(FWHM) of ~0.1° for the rocking curve of the (711) reflection as presented in Figure 5b.
A typical Laue backscattering image for a LFZ crystal is shown in Figure 5c. To obtain this
image, the crystal was rotated, indicating that the growth direction is ~10° off the c-axis.
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Figure 6a shows the temperature (T) dependence of the magnetization divided by
the applied magnetic field (M/H) for crystals of the precursor and LFZ. A magnetic
field of poH = 5T along the c-axis was used. Below room temperature, the magnetiza-
tion decreases with decreasing temperature opposing the typical Curie-Weiss behav-
ior for three-dimensional localized magnets. This behavior is widely observed in this
material [6,15,18,31] and is related to its low dimensional structure. Spin correlations
within the ladders are present at temperatures well above Ty, the temperature at which
long-range antiferromagnetic order sets in [32,33]. The kink in the magnetization at Ty
indicates the transition to three-dimensional long-range antiferromagnetic order. The Néel
temperature, defined as the minimum in the temperature derivative of the magnetization
(dAM/dT |min), is Ty = 109.5(6) K for the precursor and Ty = 119.8(6) K for the LFZ crystal
as shown in Figure 6a. The higher Ty in the crystal grown by the laser-assisted floating
zone method indicates an important improvement given that samples with lower Ty were
reported to show no superconductivity under hydrostatic pressure [6].
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Figure 6. (a) Temperature dependence of the magnetization divided by the magnetic field for
precursor and LFZ crystals measured with an applied magnetic field of ygH = 5T parallel to the
c-axis. The dots show the slope of M(H) for pgH > 3T, the color and symbol indicate the sample as
defined in (b). Ty indicates the Néel temperature defined as the minimum in the derivative, %—I\f{ | min-
(b) Field dependence of the magnetization for two independent growths of both precursor and LFZ
samples for T = 250 K. Inset: Low field region of M vs. H for the same samples of the main panel.

The higher absolute value of M/ H(T) in the precursor with respect to the LFZ sample
in Figure 6a is commonly seen for crystals with ferromagnetic inclusions as presented
in Ref. [15]. Further insight is provided by the field dependence of the magnetization
shown in Figure 6b. We present data for two independent growths of the precursor and
of the LFZ samples. A characteristic jump at low fields is observed for the precursor,
which depends on the batch as well as on the sample. No hysteresis is seen for any of
the LFZ samples as shown in the inset of Figure 6b. This jump could be related to the
saturation of an extrinsic ferromagnetic contribution (less than 2 mol% if we assume it to
be Fe). Such a small quantity of an impurity phase can pass unnoticed in a powder X-ray
diffraction experiment, but it was occasionally observed in the compositional analysis. On
the other hand, the jump is practically absent in crystals from two independent growths
with the laser-assisted floating zone method. This reflects two important characteristics
of the LFZ crystals: first, that ferromagnetic inclusions are successfully removed, yielding
cleaner single crystals, and second, that this occurs in a reproducible way, in contrast to the
standard procedure. The higher purity of the LFZ crystals of BaFe;Ss is also reflected in the
lower absolute values of M/ H, which are closer to the magnetic susceptibility at 25K and
250K obtained from the slope of M(H) well above the jump (Honda-Owen analysis [34]),
as shown in Figure 6a.
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The normalized resistivity as a function of the inverse temperature for precursor and
LFZ crystals is presented in Figure 7. Both samples exhibit an insulating behavior with two
characteristic temperatures, Ty and T*, which are indicated with arrows in the logarithmic
derivative of the resistivity (dlnp/d(1/T)). The Néel temperature is Ty = 110.1(5) K for
the precursor and Ty = 121.0(4) K for the LFZ crystal, in good agreement with the values
obtained from magnetization measurements. The temperature of the additional high-T
anomaly in the resistivity is higher in the case of the precursor (T* = 198(2) K) than in the
case of the LFZ crystal (T* = 176(2) K). The origin of T* is still under debate, but it has been
suggested to be related to orbital order [7,16].

The logarithmic derivative of the resistivity reveals a complex and different behavior
for both samples. The LFZ crystal presents a region above ~60K and below ~100K
consistent with a thermally activated behavior (p:poeA/ Ty with a gap of A = 54(2) meV.
This value is slightly higher than in previous reports [15,16]. On the other hand, in the
same temperature region, the precursor presents a behavior compatible with a 1D variable
range hopping (p = poe(To/ T)]/z) [35], also reported in the literature [15,16,18]. Another
important difference is the region near the antiferromagnetic transition: while a sharp peak
is observed in dInp/d(1/T) for the LFZ crystal, the precursor presents a broad hump with
a tiny peak at Ty. These features, together with the higher value of Ty in the LFZ samples,
reflect the improvement in the quality of the samples grown by the laser-assisted floating
zone method.
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Figure 7. Normalized resistivity (left axis) and derivative of the logarithm of the resistivity (right
axis) as a function of the inverse temperature for precursor and LFZ crystals. The Néel temperature
and T* are indicated with arrows in dlnp/d(1/T). The fitted thermally activated behavior for the LFZ
crystal and the 1D variable range hopping for the precursor are presented as black continuous lines.

4. Conclusions

We show that the quality of BaFe,S3 crystals can be greatly improved when grown
by a laser-assisted floating zone method compared to that of crystals grown using the
method widely reported in the literature [6,15,16]. The success of the growth of high-quality
BaFe;S3 crystals is due to specific characteristics of the laser-assisted floating zone furnace
compared, for example, to a conventional image furnace equipped by halogen lamps.
The laser-assisted FZ furnace presents a much steeper temperature gradient that strongly
suppresses the penetration effect and allows to maintain a stable molten zone even in case
of porous feed rods, which is useful for the growth of incongruently melting compounds.

While ferromagnetic impurity phases in variable amounts are ubiquitous in the precur-
sor crystals and influence the magnetism and transport behavior observed in the samples,



Crystals 2021, 11, 758 10 of 11

such impurity phases are absent in laser-grown crystals. Therefore, the crystals grown by
the laser-assisted floating zone method provide a more reliable insight into the intrinsic
properties of BaFe,S3.
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