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Introduction

Iron-based superconductors are extremely sensitive to impur-
ity phases and defects in the crystal structure, which could
significantly change the physical and chemical properties both
in normal and superconducting states." This vulnerability is
due to the fact that both microscopic and macroscopic
inhomogeneities could be magnetically active, therefore
influencing bulk and surface superconductivity. In the basic
families of iron superconductors, the 11-type materials stand
apart, owing to the absence of intermediate charge reservoir
layers. The FeSe,_, compounds consist only of a stack of
electronically active layers weakly coupled by the van der Waals
interaction. These layers are based on the edge-shared FeSe,
tetrahedra. FeSe,; _, demonstrates superconductivity with 7, >
8 K, but its single crystals can be used for either production
of intercalated materials A,Fe,Se, (A = Li, Na, Ba, Sr, Ca, Yb
and Eu) with T. = 30-46 K° or superconducting monolayers
with T. = 65 K.°® In this paper we describe the synthesis of
FeSe;_, single crystals from the halide eutectic flux under
steady temperature gradient conditions and provide proofs of
their high quality by the measurements of transport and
thermodynamic properties.

The superconducting tetragonal phase of FeSe;_, exists
only below 730 K (457 °C) in a rather narrow composition
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Multiple Andreev reflections spectroscopy pointed to the existence of two-gap superconductivity with the
gap values 4, = 2.4 + 0.2 meV and 45 = 0.75 4+ 0.1 meV at 4.2 K.

range.’ If these conditions are not fulfilled, the samples are
contaminated by Fe, Fe,Seg, and Fe;0, impurities.

The attempts to grow tetragonal FeSe;_, single crystals
from alkali-halide flux have been undertaken in ref. 10-13.
The synthesis of iron selenides from KCI flux with the melting
temperature 776 °C was described in ref. 10. The ampoule with
Fe, Se and flux was heated up to 840 °C and sustained at this
temperature for 30 hours (h) to homogenize the solution. It
was then cooled down to 820 °C for 1 h to provide the
necessary supersaturation for nucleation. Further cooling was
done with the rate of 0.3-0.5 °C h™" from 820 to 770 °C. After
that, the ampoule was cooled rapidly down to 400 °C and held
for 24 h to stabilize Fe and Se. The single crystals with the
hexagonal shape were produced in this synthesis. Ref. 11
presented the synthesis based on NaCl/KCl flux with the
eutectic temperature 657 °C. The ampoule with preliminary
obtained FeSe, g9 powder and flux was heated to 900 °C. Three
steps of cooling were employed: firstly with 3 °C h™" rate down
to 740 °C, secondly with 1 °C h™" rate down to 600 °C, and,
finally, the furnace was cooled rapidly down to room
temperature. Structural measurements revealed that both
tetragonal (o)) and hexagonal () phases coexist in the sample.
A more promising method with LiCl-CsCl mixture which melts
at 326 °C was used in ref. 12. The ampoule with elemental Fe
and Se mixed with the flux was heated to 715 °C, and kept for 1
h at this temperature before shifting to a preheated furnace at
457 °C. After slow cooling down to 300 °C it was quenched in
water. The main disadvantage of this method is that it likely
results in either o or  phase depending on the various growth
conditions. Application of vapor transport method to the
synthesis of tetragonal FeSe,_, in ref. 13 also had the same
problem as above. Therefore, to grow tetragonal FeSe, _, single
crystals of high quality, it is necessary to use a eutectic flux
which melts at low temperatures (preferably below 250 °C),
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and to synthesize at temperatures below 457 °C to obtain
reproducible growth results.

Experimental section

The FeSe;_, single crystals were grown from the flux under a
permanent gradient of temperature. The chemical composi-
tions of tetragonal FeSe;_, and hexagonal Fe,Seg were studied
by energy-dispersive X-ray spectroscopy performed on a
CAMECA SX100 (15 kV) analytical scanning electron micro-
scope. The X-ray diffraction spectra were collected by a DRON
diffractometer (Co Ko-radiation, Fe filter) in the 10° < 20 <
90° range on the powder samples prepared by grinding small
or medium sized single crystals in acetone. To compare the
quality of obtained single crystalline samples an additional
amount of polycrystalline iron selenide was prepared by the
conventional solid-state reaction.”® The FeSe single crystals
X-ray diffraction spectra were collected along the c-axis using a
BRUKER diffractometer (CuKo, radiation, graphite monochro-
mator).

The FeSe;_, single crystals were grown in evacuated quartz
ampoules using a KCI-AICl; flux."* The temperature of
synthesis and phase compositions were chosen in accord with
the Fe-Se phase diagrams.’ It is noted that the tetragonal
FeSe;_, phase easily coexists with hexagonal Fe,Seg phase and
pure iron. The decomposition of FeSe;_, tetragonal phase to
Fe,Seg and Fe occurs at temperatures above 457 °C (730 K).
The homogeneity range of tetragonal FeSe,_, is very narrow,
i.e., from FeSe, o6 to FeSeg o7s.™

The starting chemicals were carbonyl iron powder or iron
spheres with the diameter of about 0.2 mm, crystalline
selenium purified by the floating zone method, potassium
chloride KCl and anhydrous aluminum chloride AICl; (Fluka,
98%). The iron powder and pieces of selenium were mixed in
the ratio Fe : Se = 1 : ~0.94 and loaded into silica ampoules
with an inner diameter of 8 mm and length of 110 mm. Then
hygroscopic AlCl; was promptly weighed in air and loaded into
the ampoules. Finally, KCI taken in the ratio AICl; : KCl1=2 : 1
was weighed and added into the ampoules which were
evacuated down to 10 * bar pressure and sealed. The
ampoules with chemicals were loaded into a horizontal tube
furnace, heated to the temperature of synthesis for 1-2 h, and
then kept at this temperature for 40-50 days. The temperature
of the hot part of the ampoules was about 700-740 K. That of
the cold part was 650-680 K. The volume fraction of the melted
eutectic from the volume of sealed ampoules was about 60-
65%.

The ampoules were eventually extracted from the furnace
and cooled in air. The cold part of the ampoules with crystals
of iron selenide was cut off and the eutectic retrieved from it
was dissolved in distilled water. Then, the crystals were rinsed
in an ultrasonic bath twice in alcoholand twice in acetone. The
rinsed crystals were dried in a muffle furnace at 70 °C for a few
minutes. Tetragonal crystals were separated using a steel
magnetic filling knife which can attract metallic iron and
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hexagonal Fe,Ses. Cleaning the crystals in water and alcohol
did not produce any visible oxidation of the surface. The
crystals were placed into evacuated silica glass ampoules for
further physical characterization.

The temperature dependence of magnetization of FeSe;_,
single crystals was measured by a “Quantum Design” SQUID
magnetometer MPMS - 9 T. Transport properties of FeSe;_,
were measured by a standard four-probe method. The super-
conducting gap values in FeSe;_, were determined by super-
conductor-normal metal-superconductor (SnS) Andreev
spectroscopy. This method is based on multiple Andreev
reflections effect'® occurring in ballistic junctions of a SnS-
type. “Ballistic” implies the contact diameter a to be larger
than the quasiparticle mean free path L'” To realize the
experimental method, SnS contacts were formed in FeSe;_,
samples by a “break-junction” technique."® The samples (thin
plates with dimensions 2 x 1 x 0.1 mm?®) were attached with
two current and two potential leads to the sample holder by a
liquid In-Ga alloy; the holder was then cooled down to liquid
helium temperature T = 4.2 K. Forthcoming precise bending of
the sample holder causes a microcrack generation into the
sample: the microcrack was in fact a contact between two
cryogenic clefts separated with a constriction. The layered
structure of FeSe,_, implies exfoliation of the single crystals
along the ab-planes, which provides easy mechanical read-
justment of the contact point, forming tens of contacts during
an experiment. The microcrack location deep into the sample
prevented any impurity presence at clean cryogenic clefts and
the overheating of the junction.

Composition, crystal structure and
morphology

The shape of the crystals was characterized by scanning
electron microscope images shown in Fig. 1-3. Tetragonal
single crystals with dimensions 4 x 4 x 0.1 mm?® with well
shaped habitus were obtained at a temperature gradient of
710-660 K, as shown in Fig. 1 and 2. On the contrary, the
samples prepared at higher temperatures, i.e. at a temperature
gradient of 730-680 K, had an imperfect shape, nonstable
chemical composition, and were mixed with the hexagonal
Fe,Seg impurity phase, as shown in Fig. 3. The chemical
composition of tetragonal FeSe,_, phase was found to be x ~
0.04 + 0.02. The hexagonal phase was identified to be Fe;Seg
from the energy-dispersive X-ray analysis. No additional
impurity ions, ie. K, Al or Cl, were found in iron selenides.
The phase purity and quality of FeSe, _, single crystals were
established by indexing the X-ray diffraction patterns. All
peaks in the X-ray diffraction pattern of the single crystals
ground in an agate mortar, shown in Fig. 4a, were ascribed to
tetragonal P4/nmm (129) unit cell, a = 3.765 A, ¢ = 5.518 A, V =
78.2(2) A%, These values are in correspondence with those
reported in ref. 19. The X-ray diffraction pattern of FeSe;_,
single crystal represents only the (00]) reflexes, as shown in
Fig. 4b. While the X-ray diffraction pattern of the polycrystal-
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500 ym

Fig. 1 The scanning electron microscope image of a tetragonal FeSe;_, single
crystal.

line sample synthesized for comparison by the solid-state
reaction contains the peak attributed to an Fe;O, impurity
phase in Fig. 4c.

A possible explanation for the absence of Fe;O, impurities
in the samples prepared from KCI-AICI; is in its transforma-
tion to soluble form by the reaction:

3Fe;0,4 + 3Fe + 8AIC13(qu) = 4Al,05 + 12FeC12(1iq)

Therefore, the high quality of FeSe,_, single crystals was
achieved primarily due to the application of the eutectic melt
of salts including fusible aluminum chloride, and secondly
due to the growth conditions of a permanent gradient of

L L

50 pm

Fig. 2 The scanning electron microscope image of the layered structure of a
tetragonal FeSe;_y single crystal.
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2mm

Fig. 3 The scanning electron microscope images of the products obtained at
high temperatures. 1, 2, 3, 6 — hexagonal Fe;Seg crystals; 4 — hexagonal Fe;Seg
crystals 5 — a tetragonal FeSe;_, crystal.

temperature. The use of AICI;-KCl eutectic mixture with the
melting temperature lower than 150 °C allows the transport of
both iron and selenium at temperatures much lower than that
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Fig. 4 The X-ray diffraction patterns of tetragonal FeSe;_,. Panel a represents
the X-ray diffraction pattern of the single crystals ground in an agate mortar (Co
Ka). Panel b represents the X-ray diffraction pattern along the c-axis (Cu Koy).
Panel c represents the X-ray diffraction pattern of the polycrystalline sample
synthesized by the solid-state reaction (Cu Koy).
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Fig. 5 The temperature dependence of resistance of a FeSe;_, single crystal.
The lower inset shows the temperature dependence of magnetic susceptibility
measured in the magnetic field Bllc = 20 Oe in both ZFC (open circles) and FC
(closed circles). The upper inset shows the enlarged superconducting transition
region.

of the dissociation of tetragonal FeSe (457 °C). Besides,
application of AICl;-KCl mixture instead of CsCI-LiCl flux
prevents lithium from reacting with quartz ampoules. The
permanent gradient of temperatures allows growth of single
crystals under well defined conditions as compared to that
upon slow cooling of the melt.

Transport and magnetic properties

The quality of FeSe; _, single crystals was examined by physical
measurements. The temperature dependence of resistance
R(T), shown in Fig. 5, demonstrates a metallic behavior with 7.
= 9.4 K. This R(T) also indicates the high quality of the FeSe
single crystal. For example, the kink at 90 K manifests the
structural phase transition. The width of superconducting
transition amounts to 1.5 K (see upper inset to Fig. 5).
Magnetic measurements confirm the presence of the super-
conducting phase transition around 9.4 K (lower inset to
Fig. 5). Magnetic properties show a nearly 100% Meissner
effect.

The superconducting gap values in FeSe;_, found from
Andreev spectroscopy were analyzed according to Kimmel et
al”® The current-voltage characteristic for an SnS contact
exhibits an excess current at low bias and a subharmonic gap
structure due to the multiple Andreev reflections effect, which
reveals a series of minima for the dynamic conductance dI(V)/
dV at the bias voltages

2A
V=22 n=1,23, ... )
en

where 4 is a superconducting gap value, e the elementary
charge, n the subharmonic order. The relative intensity of the
Andreev peculiarities decreases exponentially with increasing
n. For a two-gap superconductor, such structures should
appear in dI(V)/dV of the SnS contact.”* Using eqn (1), one can
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Fig. 6 Current-voltage characteristic (thin blue line) and dynamic conductance
(bold red line) measured at T = 4.2 K for SnS-Andreev contact. Andreev dip
positions define the large gap value 4, ~ 2.4 meV (the corresponding minima
are marked as 24, and 4,) and the small gap 4s ~ 0.75 meV (245 labels). Inset
shows a linear dependence of the large gap minima voltages V,, versus 1/n.

directly obtain a gap value from the corresponding Andreev
minima positions without any fitting.

The experimental current-voltage characteristic in Fig. 6
(thin blue line) with an excess current at low bias voltages is
typical for the clean classical SnS-Andreev contact. Therefore,
the constriction exercises normal metal properties, and the
theory by Kiimmel et al.?® is applicable to the present break-
junctions. Dips of the contact dynamic conductance (the bold
red lines in Fig. 6) located at V;; ~ +4.6 meV (n = 1; marked
as 24;) and Vi, & +2.4 meV (n = 2; marked as 4;), in accord
with eqn (1), can be considered as the first and the second
Andreev reflexes. Eqn (1) implies a linear dependence of
Andreev dip positions versus their reversed number, V,(1/n),
starting at (0;0) point. Such a dependence was plotted for the
large gap dynamic conductance dips (inset of Fig. 6). The
experimental points do follow eqn (1) and suggest the large
gap 4y, = 2.4 + 0.2 meV. This large gap value is not far from
the maximum value of 2.0 meV of the anisotropic gap found in
the specific heat data.?” The next peculiarities located at Vg; ~
+1.5 meV (24 labels) do not correspond to the expected third
Andreev minima positions for the large gap as their intensity is
much higher than that of the second dips for the large gap.
Therefore, the minima located at Vg; & +1.5 meV indicates a
new subharmonic gap structure, associated with the small gap
4s = 0.75 £+ 0.1 meV. Dynamic conductance for several SnS
contacts has been studied in the same way and the results are
consistent. The peculiarities sharpness confirms a good
quality of the single crystals due to the microscopic homo-

geneity.
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The value of 24 /kgTc ~ 5.9 + 1 exceeding the BCS value of
3.52 is close to those obtained in other works***** using FeSe
monolayers, poly- and single crystals.

Conclusions

We present the method for the growth of high quality FeSe;_,
single crystals in KCI-AICl; eutectic mixture under conditions
of a permanent gradient of temperature of 385-427 °C. We also
found that better quality of the samples can be achieved at
lower temperatures. Physical characterizations indicates a
superconducting state below 9.4 K. SnS-Andreev spectroscopy
shows two superconducting gaps with 4y, = 2.4 + 0.2 meV and
As = 0.75 + 0.1 meV. The large gap BCS-ratio of 24;/kgTc ~
5.9 + 1 points to strong coupling in FeSe.
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