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We have comprehensively studied the structure of the superconducting order parameter of (Ko sNag.2)o.9Fe1 7Ses
and Ko sFe17(So.73Se0.27)2 iron selenides with critical temperatures Tc ~~ 27—31 K. Using incoherent multiple
Andreev reflection effect spectroscopy of planar ,.break-junctions”, in both compounds a development of a single-
gap superconductivity and a bulk nature of the observed superconducting gap were shown, its magnitude and
temperature dependence have been determined. The characteristic ratio 2A(0)/kgTc ~ 4.1—4.6 obtained is almost
similar for both compounds and points to a strong coupling in the electron bands.
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1. Introduction

Iron-containing superconductors based on alkali metal
selenides of the AcFe;Se; (A — Na, K, Rb, Cs, Tl) family
discovered in 2010 [1] are still extremely understudied
due to a number of features that hinder experiments very
much. Properties of materials belonging to this family
degrade very fast in the presence of even trace amounts
of water and oxygen vapor due to the presence of alkali
metal atoms that intercalate superconducting (SC) FeSe
blocks. Therefore, preparation and mounting of the sample,
and all experimental process stages shall be carried out
in a protective gas atmosphere. Natural phase separation
is another unique feature of selenides of the AyFe,Se;
family. Possible number of co-existing phases and their
structure in selenides with various compositions are still
the subject of discussion; however, the main volume of
a crystal has been found to be occupied by an insulating
antiferromagnetic (AFM) phase with a Ay gFe; ¢Se, crystal
structure (so-called 245-phase), where the iron vacancies
form a superlattice with a* ~ V5a (a — the lattice constant
of phase 122). AFM crystallites of the 122-phase of
AcFe;Se; about 1-5um in thickness are formed at the
AFM-phase boundaries ([2-5] as overview). Both phases
have a multilayer crystal structure consisting of antifluorite-
like FeSe blocks intercalated by alkali metal atoms.

Superconductivity occurs in a narrow valence range of Fe
1.93—2.01 [6], while the critical SC-transition temperature
varies stepwise from T"® = 33K to zero even when the
amount of A or Fe varies a little [3]. On the other hand, with
isovalent substitution (Se,S), the superconductivity is sup-
pressed constantly, and T, forms a doping ,.semidome® [7,8].

The presence of the only one band crossing the Fermi
level and, consequently, a development of single-gap su-
perconductivity below T may be noted as another feature
of some AyFe,Se, compounds that distinguishes them
from most iron-containing superconductors. Angle-resolved
photoemission spectroscopy (ARPES) investigations have
shown that an excessive amount of electrons per Fe atom [9]
on the Fermi surface of some AFe,Se, compositions leads
to the absence of hole pockets around I'-point, whereas only
electron pockets slightly corrugated along the k,-direction
are observed around M-point of the Brillouin zone [10-14].
Below T, the only one isotropic SC gap with a high
characteristic ratio 2A(0)/kgTe = 7—9 opens in these sheets
of Fermi surface [14].

In [10,11,13], for some AxFe,Se; compositions, an
electron pocket with a small phase volume was also allowed
around T-point [10-12], where the second gap opens in the
SC state.

It is also interesting that in a crystal with a similar
composition, (KogNag2)ogFei 7Ses, grown by the same
method, ARPES was used to observe significant variation of
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Figure 1. Temperature dependence of the resistance of samples a) (KogNaoz)ooFei7Se, and b) KosFei7(Seo.7380.27)2. The

lower insets show the details of SC transitions (circles) and the corresponding derivatives dR/dT (lines). Critical temperatures for

t
(Ko.sNag.2)o.0Fe1.7Se; are ToR®

~ 31.7 K, TCdR/dT ~ 31.2 K; for Ko.gF61.7(Seo‘7gso.27)2 are

TR & 27.4K, ToFT ~ 26.9K. Dependences

of magnetic susceptibility on temperature are shown in the upper insets. Corresponding critical temperatures are Ty & 29.3K for

(Ko.sNag.2)o.0Fe1.7Sez, Tow" a2 24.5K for Ko sFe1.7(Se0.7350.27)q2-

the core levels and valence band with temperature [15] that
was uncharacteristic of the conventional superconductor.

For theoretical explanation of the aspects of Cooper
pairing in iron-containing superconductors, models on the
basis of interaction through spin (st—) [16] and orbital
(s*1) fluctuations [17] were proposed. Gap structure of iron
selenides without a hole pocket in the I'-point is addressed
in detail in [18-20] within the s™"- and s*~-models, as well,
within the s* approach [21,22] with orbital selectivity taken
into account.

For potassium selenides with isovalent substitution,
(Ko.8Nag.2)o.9Fe1.7Se; and Ko gFeq.7(So.27S€0.73)2, studied in
our work, the Fermi surface topology and data about the
presence/absence of an electron pocket in I'-point are not
available in the literature, therefore the question concerning
the number of bands on the Fermi surface is still open.
In general, for selenides of the AcFe,Se, family, there are
virtually no full-scale systematic investigations of the SC-gap
structure and its evolution when the composition and degree
of substitution are varied.

This study used the incoherent multiple Andreev reflec-
tion effect (IMARE) spectroscopy to study the |(V)- and
dl (V)/dV-characteristics of tunneling contacts formed in the
(Ko,gNa(),z)o,gFeljSez and K0,8F61,7(S(),27Se(),73)2 samples.
On the basis of significant data statistics, it was shown
that single-gap superconductivity is established below T,
the magnitude A(0), characteristic ratio 2A(0)/kgT; and
temperature dependence of the SC-gap were determined.
Similarity of the SC-gap structure and realization of strong
coupling in electron bands are shown.

2. Experiment details

Single crystals with nominal composition,
(Ko.sNag2)osFesSe, and Ko gFey(So.25Se0.75)2,  were
formed by means of three-stage synthesis. Preparation of
reaction mixture for all stages, selection and preparation of
crystals for the experiments were carried out in an argon
glove box with oxygen and water vapor concentration
below 0.1 ppm. At the first stage for FeSe and FeSg 25Seq. 75
synthesis, reagents in the stoichiometric ratio were triturated
in a mortar and placed in evacuated quartz tubes. For
FeSe synthesis, a tube was heated in a muffle furnace
to 750°C and held for 48h. To prepare FeSy1s5Seq.75, a
tube was heated in a muffle furnace to 700°C and held
for 24h. At the second step, NagsFe,Se,, Ko sFe,Se, and
Ko.sFea(So.255¢0.75)2 precursors were prepared by heating
the alkali metal and powders synthesized at the first step
with the mole ratio 0.8:2. Heating was performed in
evacuated quartz tubes during 6h at 340, 380 and 400°C
for precursors with three above-mentioned compositions,
respectively. At the final stage, the prepared product
was thoroughly triturated in an agate mortar and mixed
in the required ratio to prepare (KogNag2)osFe,Se, and
Ko.sFea(So.255¢€0.75)2- Crystals were synthesized from
the melt of their own components. For this, accurately
weighed quantities were placed in alundum crucibles
that were then sealed in evacuated double quartz tubes.
The tubes were heated in a furnace up to 1050 °C, held
for 10h, then cooled to 750°C [(KqsNag2)o.sFeaSes] or
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730°C [Ko gFe2(So.25Se0.75)2] at a rate of 6 °C/h and water
quenched.

In all cases, large rectangular platelet single crystals with
the length of the side up to 8 mm were formed. Microstruc-
ture analysis of the prepared crystals was carried out using
the electron microprobe analysis with an energy-dispersive
detector (INCA X-sight, Oxford Instruments) mounted on
the JEOL JSM 6490 LV electron microscope. Quantitative
spectral analysis was carried out using INCA (Oxford In-
struments) software. Crystal composition was calculated by
averaging over 8—10 points for 5 crystals based on overlap-
ping 95% of confidence intervals for all elements and was
equal to (Ko.s2(2)Nag.17(2))o.89(3)Fe1.69(2)S€2.00(2) (hereinafter
referred to as KNFS) and Ko 78(7)Fe1.70(4)(Se0.73(3)S0.27(2) )2
(KFSS).

Figure 1 shows the temperature dependences of re-
sistances of the KNFS and KFSS samples measured by
the four-point method. At low temperatures, the SC-
phase shunts the sample (R=0). Critical temperatures
TAR/dTestimated by the position of maximum of dR(T)/dT
(lines in the lower insets of Figure 1) are equal to approx.
303K (width of the SC-transition is AT; ~ 0.7K) for
KNFS and 25.5K (AT; ~ 1.1K) for KFSS, and according
to the magnetic susceptibility measurements (upper insets of
Figure 1,a and b) — TP = 29.3 and 24.5K, respectively.

Structure of the SC order parameter was determined
using the IMARE spectroscopy. This effect occurs below
T. in a so-called ,long* superconductor — thin normal
metal — superconductor (SnS) contact without phase co-
herence between the SC-banks (where the contact diameter
d exceeds the coherence length & [23-25]. In a high
transparency mode of nS-boundaries (barrier parameter
Z < 0.3), the current-voltage curve (CVC) of the SnS-
contact has no supercurrent branch at eV = 0, and excess
current occurs across the entire bias voltage range €V
compared with CVC in the normal state [23,24]. At low bias
voltages, a higher, however, finite slope (a so-called ,,foot*)
region is observed in the CVC with the number of the
Andreev reflections limited by a typical inelastic scattering
time. Beginning of the ,,foot“ is accompanied by a sudden
variation of the CVC slope with €V — 0 and may induce
a minimum with V = Vo in the corresponding dl (V)/dV-
spectrum [15]. Unlike the subharmonic gap structure (SGS)
minima Vp, the position of Vi, doesn’t define directly the
SC-gap amplitude: Vi depends on |/d of a particular
contact (| is the typical inelastic scattering length) and is
close to Vot = V) - d/I by order of magnitude according to
the formalism of [24,25].

The magnitude of the microscopic SC order parame-
ter A(T) defines directly the subharmonic gap structure
(SGS) positions — series of the dI(V)/dV minima with
positions |eVp(T)| = 2A(T)/n, where n=1, 2,... — at
any temperatures up to To [23,24]. The number n* of
the observed SGS minima for a planar contact (in case
of Z=0 and zero broadening parameter) corresponds
approximately to n* & |¢/d. (both quantities are taken along
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the c-direction) [23-26] and decreases as Z and inelastic
scattering increase.

A planar mechanically-adjustable modification [27] of
the ,break-junction” technique [28] developed for layered
compound samples was used to make SnS contacts in
ferroselenide crystals. Experiment configuration and the
types of obtained tunneling structures, advantages and
disadvantages of the method are described in detail in
the review [27]. A rectangular sample with dimensions
about 3 x 1.5 x 0.2mm? is mounted on a I1-shaped holder
according to a 4-point scheme with the crystallographic
ab-plane oriented parallel to the holder and cooled to
T =4.2K. During precision bending of the holder, a
microcrack is formed in the sample to serve as a tunneling
barrier between two bulk SC-banks. The obtained tunneling
mode is real-time controlled on the basis of the CVC shape.
Since the mean width of SC crystallites in ferroselenides
(~ 1um) is much larger than the estimated size of the
tunneling junction (d ~ 10—50nm), then the microcrack
may pass within the SC region; in this case for the
studied selenides, formation of SnS contacts in the high-
transparency IMARE mode is more typical.

It is known that steps and terraces form at the cleaved
surfaces of any layered compounds. During the experiment,
the contact banks are not separated at a considerable
distance to prevent impurity penetration and degradation
of cryogenic clefts. The crack remains within the sample,
and the tunneling junction is formed between the touching
terraces. Thus, measurement current through the prepared
planar contact always passes along the crystallographic
c-direction. During fine mechanical adjustment of the holder
bend, junctions with different area in the ab-plane and
normal resistance Ry (at €V > 2A(0)) may be formed. The
observed bulk energy characteristics of the SC subsystem
shall not obviously depend on Ry, which is a random
variable for contacts on microcrack.

Besides single SnS contacts, formation of SnSn-...-S
stack structures consisting of SnS contacts with almost
the same Ry on the steps and terraces of the cryogenic
cleaved faces of layered materials is typical for the employed
technique. When such stack consisting of m contacts (where
m is an integer) is obtained, positions of any features
defined by bulk energy parameters of superconductor will
be m times as high as those for a single SnS contact:
|€Vn(T)| = 2mA(T)/n.  The number m of contacts in
the stack can be unambiguously determined by collecting
statistical data and comparing the dl (V)/dV-spectra of the
stacks with a different, though small (usually m < 20)
number of contacts (for example, according to a procedure
described in the appendix to [29]). For CVC and dI (V)/dV-
spectra provided in the work, the bias voltage axis is divided
into the corresponding M Vporm =V/M  As reported
previously [27,29], the share of bulk effects in a stack
structure increases, and the contribution of surface effects
decreases with the growth of m, which provides better
dl (V)/dV-spectra.
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Summing up, note that the IMARE spectroscopy method
implemented in the mechanically adjustable planar SnS
break-junctions and stack SnSn-...-S structures provides
direct local measurement of the SC order parameter and
its temperature dependence. Fine tuning of the microcrack
may be used to get dozens of SnS and SnSn-. . .-S structures
with various Ry per contact, which facilitates collecting
statistical data and verifying data repeatability.

3. Experimental results

Figure 2 shows CVC and dl(V)/dV-spectrum of the
stack SnS contact (m=15) in the KNFS crystal measured
at T=4.2K. The given CVC was measured in two
directions using a DC current source, is almost symmetric
with respect to €V =0, doesnt contain a supercurrent
branch and hystereses. CVC clearly shows an excess
current with respect to the ohmic dependence throughout
the bias voltage €V range and an increased slope region
with small biases (,,foot), which indicates that the high-
transparency IMARE mode is realized in accordance with
all existing theoretical representations [23-26]. The dynamic
conductance spectrum clearly shows minima at bias voltages
Vi| &~ 10.5mV, |Vz|~ 5.5mV and |V3| ~3.8mV. These
features may be interpreted as n=1, 2, 3 order subhar-
monics because their position almost linearly depends on
the corresponding inverse number 1/n as shown in the
inset in Figure 2. On average, the observed SGS defines
the SC gap magnitude 2A(0) ~ 11 meV. Intense minima
at small bias voltages |V| = 2.2mV = Vg, correspond to
a drastic change of CVC slope (beginning of the ,.foot“)
and are not a subharmonic of any order of the same
SC gap and also cannot be interpreted as the beginning
of the second SGS (n=1) from a hypothetically small
SC gap for the reasons discussed below. At larger bias
voltages, |V| = 13—14mV, the spectrum has an out-of-
gap fine structure that was presumably induced by the
resonance interaction of electrons in the IMARE process
with a typical boson mode. This structure is similar to
that observed earlier in iron-containing superconductors
from other families [29,30] and needs additional thorough
investigation.

CVC and dI(V)/dV-spectra of SnS structures (m=4)
measured in the same KNFS crystal at T =4.2K suc-
cessively by means of fine tuning are shown in Figure 3.
It is shown that Ry and, consequently, the area of these
contacts as well differ by ~ 35%, which can be seen by
the CVC slope change at large bias voltages; however, the
shape of the dI (V)/dV-spectrum and position of all features
remained unchanged. Minima at |V|~ 9.3 and 4.7mV,
and less pronounced features at |V|~3.2mV form SGS
of the SC gap with magnitude 2A(0) ~ 9.5meV. Linear
dependence of positions of these features on their inverse
number passing also through the origin of coordinates is
shown in the inset in Figure 3.
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Figure 2. Current-voltage curve (left vertical axis, blue line) and
dl (V)/dV-spectrum (right axis, red line) of a SnS Andreev contact
stack (m=5), measured at T = 4.2K in the (Ko.sNao.2)o.9Fe1 7Se>
crystal. Dotted and dashed line is the corresponding ohmic
dependence. Arrows show positions V, of n=1, 2, 3order
Andreev subharmonics of the SC-gap 2A(0) ~ 11meV, green
vertical bars show the ,foot position Vio. The inset shows
the dependence of the SGS features positions V, on their inverse
number 1/n.
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Figure 3. Current-voltage curve (left vertical axis) and dI (V)/dV-
spectra (right axis) of the SnS Andreev stack contacts (m= 4)
measured at T = 4.2K in the same (Ko.sNao.2)o.oFe1.7Sex crystal.
Local critical contact temperature is Te°®! =~ 25K. Grey vertical
lines show the positions V, of n=1, 2, 3 order Andreev
subharmonics from the SC-gap 2A(0) ~ 9.5 meV, green bars show
the beginning of the ,,foot” V,o. The inset shows the dependence
of the positions of the SGS V;, on their inverse number 1/n.
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Figure 4. a) Dynamic conductance spectrum of the SnS Andreev contact formed in the (Ko gNao.2)o.9Fe;.7Se, sample (shown in Figure 3
in blue) measured at 4.2 < T < 30.5K in SC and normal state. Spectra were vertically shifted manually for clarity. Arrows at T = 4.2K
mark the position of the n = 1, 2 Andreev minima of the SC order parameter 2A(0) ~ 9.5 meV. b) Dependence of the Andreev harmonic

positions V; (squares), V, (circles) on temperature according to (a).

For comparison, triangles show the temperature behavior of the

feature at Viot(0) ~ 1.8 mV that doesn’t pertain to SGS and is interpreted as the beginning of the ,,foot”.

Temperature evolution of the dl (V)/dV-spectrum shown
in Figure 3 is given in Figure 4,a. For convenience,
the spectra in Figure 4,a were vertically shifted manually
with increase in temperature, whereby for this contact
Rn(T) = const. As the temperature increases, the position
of SGS minima shifts towards zero, zero-bias conductance
also decreases (,foot“ amplitude). At T =28.6K, the
spectrum is linearized, which means that the contact region
switches to a normal state and the IMARE-induced features
disappear. Positions of the fundamental harmonic V;(T)
and second subharmonic V,(T) of the SC gap in the
dependence on temperature are shown as squares and
circles, respectively, in Figure 4,b. These dependences are
similar to each other: as shown in the inset in Figure 4, b,
relation of the SGS minima positions N=1 and Nn=2 is
approximately equal to two in a wide temperature range in
accordance with the equation for SGS [23,24,26]. On the
contrary, minima at Vi, demonstrate a weak temperature
dependence that doesn’t correspond to that for the Andreev
subharmonics (triangles in Figure 4,b), therefore their
position doesn’t directly define A(T).

CVC and dynamic conductance spectra of the planar
stack contacts on microcrack obtained by successive ad-
justment in the same KFSS crystal at T =4.2K are
shown in Figure 5. The spectra have SGS consisting
of our features at mean bias voltages [Vi| ~ 10.1mV,
Va| = 4.7mV, V3] = 3.3mV, |V4| &~ 2.3mV. According to
the slope of V,;(1/n) shown in the inset in Figure 5, b, the
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SC gap magnitude 2A(0) ~ 9.7meV may be determined.
It can be seen that after normalization to the integers
m= 10, 11, 13, the shape of spectrum and feature
positions are reproduced with high accuracy: spread of
Vi (n=1-4) of the SGS features doesn’t exceed +6 %,
while the normal resistance variation per contact is about
20% (see the CVC slope in Figure 5,b). Consequently,
it may be concluded that the observed SGS features
cannot be explained by dimensional resonances or ran-
dom effects.

Temperature evolution of the dl (V)/dV-spectrum of the
SnS-contact (m= 5) formed in the KFSS crystal is shown
in Figure 6. Similar to Figure 4, curves in Figure 6
are deliberately shifted vertically for clarity, while the
normal resistance of this contact remains almost unchanged
with temperature. The most strong minima (marked at
T = 4.2K as 2A) are the fundamental Andreev harmonic of
the SC order parameter 2A(0) ~ 8.4meV. At T = 26.5K,
all IMARE-induced features on the spectrum vanish in-
dicating that the superconductivity disappears locally at
T > Tl and the Copper pairs are destroyed.

Figure 7,a and b shows the SC-gap temperature de-
pendences plotted using the data in Figure 4 (triangles
with cusps upwards, a) and Figure 6 (triangles with cusps
downwards, b), and the similar data on the basis of the
measurements of dl (V)/dV-spectra of other SnS contacts
made in the KNFS (a) and KFSS (b) crystals. Within errors,
all experimental dependences A(T) (symbols in Figure 7,a
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sample. Grey vertical lines show the positions V,, of the n = 1, 2, 3, 4 order Andreev subharmonics of the SC-gap 2A(0) ~ 9.7 meV, orange
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and b) agree well with single-band functions similar to the
SC-gap temperature dependence within the framework of
the Bardeen—Cooper—Schrieffer (BCS) model (dotted and
dashed lines with corresponding colors). Local critical
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Figure 6. dI(V)/dV-spectrum of the SnS Andreev contact in
the Ko.sFe1.7(Se0.73S0.27)2 sample measured at 4.2 < T < 26.5K.
Spectra were vertically shifted manually for clarity. Arrows at
T = 4.2K show the fundamental Andreev harmonic position from
the SC order parameter 2A(0) ~ 8.4 meV.

temperatures of the junctions T)°®? (meaning transition of
this ~ 10—50 nm region to the normal state) are estimated
as temperatures at which the BCS-like approximation curves
vanish. To compare A(T) obtained for various samples
and SnS structures with variation of absolute values A(0)
and Tr in Figure 7,c, the obtained data is shown in the
normalized coordinates 2A(T)/kpT; on T/Tl It can be
seen that the single-band BCS-like dependence trend is well
reproduced for KNFS and KFSS, and when T <« T, all
obtained data is within 2A(0)/kpT; ~ 4.1—4.6.

4. Discussion

IMARE experiments provided a significant amount of
statistical data on the magnitude of 2A(0)/kgT; of the
SC-gap observed in KNFS (blue) and KFSS (red) shown
in Figure 8,a—f  Figure 8,a shows the histograms
of 2A(0)/kgT. obtained from the studies of 1(V) and
dl (V)/dV-characteristics of the SnS structures in KNFS (a)
and KFSS (b). Data for each contact is shown as a
semitransparent column whose horizontal position corre-
sponds to 2A(0)/kpTe. Most commonly observed exper-
imental values (regions with the maximum color intensity
in Figure 8,a and b) — 2A(0)/kpTe ~ 4.2 for KNFS
and 2A(0)/kpTe = 4.2—4.4 for KFSS. Full ranges of the
measured characteristic ratios for KNFS and KFSS are
close to each other and equal to 2A(0)/kpTe = 4.1—4.6.
For each compound, the spread of values doesn’t exceed
£6 %, which confirms high accuracy of the used IMARE
spectroscopy method. The characteristic ratios exceeding
the BCS weak coupling limit 3.53 indicate that strong
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Figure 7. Temperature dependences of the SC gap A(T) according to the measurements of dl (V)/dV-spectra of various SnS contacts on
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functions, T, of each contact was determined as a temperature at which the corresponding approximation A(T) vanishes. ¢) Normalized
dependences 2A(T)/kpTe on T/T2 for the shown contacts.

4.8 S 4.8
a ! ¢ e
K, N Fe, -S 4.6 46
(Ko gNag »)g oFe; 7S¢, o TOf o
£ 44 Za4t
> k > i
1 4.2 i = 4.2
o (@\|
4.0 4.0 |
3.8 I 1 | 1 1 1 | 1 Sg | 1 3.8 1 1 1 1 1 1 1 1 1 1 1 1 1
38 40 42 44 46 48 0 20 40 60 100 120 0o 2 4 6 8 10 12 14
4.8 {5 4.8
b [ d S
Ko sFe; 7(Seg.7350.27)2 o 4.6 o 46T
EYP 244l
> > i
g 421 g 4.2
4.0 4.0 |
3 8 i L | ! | ! 1 1 | ggl ! 8 L | 1 L | L 1 L | L | 1 | 1
38 40 42 44 46 48 0 50 100 150 200400 450 0 2 4 6 8 10 12 14 16
20(0)kg T, Ry, ©Q m l.
g 0F
- 8 L t
=} | [ ]
SR -+ 3
S 4k A A
< OF s
L 1 1 1 L 1 1 L L 1 O 1 1 1 1 1 1 1
0 1 2 3 4 5 1 2 3 4 0 1 2 3 4
Vfoot’ mV Vfoot’ mV n*

Figure 8.

a and b) Histograms of the characteristic ratios of the SC-gap 2A(0)/kgTc for (K,Na)xFe;_ySe, and K Fe,_y(Se,S),

respectively. Each value is represented as a semitransparent column whose position corresponds to 2A(0)/kgTe; the most intense color
region shows a value that is most frequently obtained in the experiment. Vertical axis has no value. (c—f) Dependences of 2A(0)/kgTc
on normal contact resistance Ry (¢ and d) and on the number of contacts in the stack m of the corresponding SnS structure (e and f) for
KNFS (c and e) and KFSS (d and f). (g—i) Statistics of ,,foot“ positions: histograms of Vi, bias voltages in KNFS (g) and KFSS (%),
relation of the fundamental harmonic position V; to Vie on the number n* of subharmonics (i) observed on the dI (V)/dV-spectrum.
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coupling occurs in the Copper pairs formed below T; in
the KNFS and KFSS electron bands.

The obtained values 2A(0)/kpTe = 4.1—4.6 are repro-
duced on various samples from the same batch and don’t
correlate either with the normal resistance Ry per contact
(Figure 8,¢ and d) or with the number of contacts in
the stack m (Figure 8,e¢ and f). Thus, the obtained
energy parameters of a superconductor don’t depend on
the properties of the studied contact; on the contrary,
they describe the fundamental SC-properties of a material.
Repeatability of A(0) and 2A(0)/kgT; in the investigation
of stack SnSn-. . .-S structures with different m proves the
bulk nature of the observed SC order parameter.

Let’s review the statistics of positions of minima often
observed on the dlI(V)/dV-spectra at small bias voltages
Vioot € V1 (see Figure 2—5). Taking into account their
significant amplitude (exceeding considerably that for high
order subharmonics Vi, V4 of the SC-gap), may these
features be classified, for example, as the fundamental
Andreev harmonic from any SC-gap? We put forward
some arguments against this assumption. First, the positions
Voot demonstrate a considerable spread that is by orders of
magnitude larger than that for gap features (Figure 8,g—i):
Vioot = 0.9—4.6mV in KNFS (i.e. their position varies
more than fivefold, see Figure 8, g) and Vjpor = 0.5—3.5mV
in KFSS (approximately sevenfold, see Figure 8, 7). Second,
V1/Vsot correlates with n* of subharmonics observed on
the spectrum: except the ,escaped® points, all obtained
data forms a sector. This agrees qualitatively with classical
predictions [24,25] for the ,foot position — a dynamic
conductance minimum that occurs when the CVC slope
is changed suddenly at small bias voltages and marks the
beginning of a region where the Andreev process dynamics
is controlled by inelastic scattering to a greater extent.
Finally, a weaker temperature dependence Viot(T) (see
Figure 4,b) that doesn’t follow the trend A(T) shall be
considered. The above-mentioned arguments may be used
to make a conclusion that positions of these minima don’t
define directly the SC-gap magnitude and are associated
with |;/d; of the contact, rather than of the properties of
the studied superconductor.

Thus, in particular, the minima at small bias voltages
Vioot < Vi cannot be a fundamental (n=1) harmonic
from a hypothetical small SC gap As < A. Along with
the repeatedly observed BCS-like temperature dependence
A(T) (see Figure 7), this allows a conclusion to be made
that the only one SC order parameter exists in KNFS and
KFSS. In other words, regardless of the presence/absence
of an electron pocket in I'-point (detection of which is
the objective of future ARPES investigations), common SC
condensate develops on all sheets of Fermi surface below Te.

Most iron-containing superconductors are known to
demonstrate multicomponent superconductivity below T
(simultaneous existence of several types of Copper pairs
in any point of the real space). From this point of view, a
development of the conventional single-gap superconductiv-
ity in the studied ferroselenides with isovalent substitution

seems to be unusual itself Comparing some aspects of
the properties of studied AcFe,Se, (KNFS and KFSS) and
related pnictides of the AeFe,As; family (Ae is an alkaline
earth metal), the following paradox may be also noted.
Though, AeFe,As; pnictides feature a relative simplicity of
structural properties, structure of their SC order parameter
is extremely sophisticated because its magnitude likely
depends on the momentum direction (anisotropy in the
k-space) [31,32]. On the contrary, in case of AcFe;Ses,
the simplest SC-gap structure develops in so complex
multiphase compounds with non-trivial [3] coupling T with
composition variation that is defined to a greater extent
by chemical pressure, rather than by the concentration of
doping electrons [3,4,7,8]. When addressing the observed
unification of the SC order parameter in various KNFS and
KFSS bands, then within a multiple-band approximation
of the BCS theory [33,34], an assumption may be made
concerning a single mechanism of both intraband and
interband pairing, unlike the AeFe,As, SC system.

5. Conclusion

Incoherent multiple Andreev reflection effect spec-
troscopy methods below T. were used to deter-
mine the structure of the SC order parameter of
(Ko.sNag.2)o.0Fe;.7Ses and Ko gFei 7(Seo.73S0.27)2. A similar
SC-gap structure with the only one SC-gap that develops
below T. was established in both materials. Bulk nature
of the observed SC order parameter is shown. Tempera-
ture dependence A(T) agrees with the BCS-like function.
2A(0)/kpTe = 4.35 £+ 0.25 is reproduced for both materials
and indicates that strong coupling is realized in electron
bands.
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