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Using tunneling spectroscopy of planar ,break-junctions® we show a multiple-gap superconductivity in

CaKFesAss pnictides.

We determine the magnitudes and temperature dependences of the microscopic

superconducting order parameter A; (7). The temperature dependences of the features caused by Andreev transport
are obtained: Andreev excess current Jexc(T') and Andreev zero-bias conductance G2y (T). As well, the temperature
dependence of the critical current I.(T) is measured. Using data of Iexe(T), Gope(T), and I.(T), we estimate the
partial conductance of the two effective bands, and show the dominate contribution of the ,,driving” bands with the

large superconducting gap to the total conductance.
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1. Introduction

Superconductors of the newly discovered 1144 type
family based on alkali metals of general composition
XYFeysAss (where X is an alkaline earth metal or rare earth
Eu, Y is an alkali metal) [1] seem to be very promising
for applied and fundamental research (for an overview, see
Ref. [2]). A typical representative of this family CaKFeqAsy
has a layered crystal structure consisting of a stack of
antifluorite-like superconducting (SC) FeAs blocks with a
tetragonal lattice in ab-plane divided along c-directions by
alternating Ca and K planes [1]. The presence of alkali metal
atoms in the structure provides hole ,self-doping™ of FeAs
SC blocks, which, unlike most iron pnictides, contributes
to the development of superconductivity precisely in the
stoichiometric composition, with the maximum critical
temperature for this compound of 7. ~ 35K, as well as
the absence of magnetism and nematic order of higher
than 7, [1].

Calculations of the band structure [3] have shown that the
Fermi level in CaKFe4As, intersects about 10 bands, form-
ing several nested, weakly corrugated along k_-direction
hole cylinders of the Fermi surface around I'-point of
the Brillouin zone and several electronic cylinders around
the M-point. A SC condensate with different coupling
energies of Cooper pairs is formed on each sheet of the
Fermi surface below T, according to calculations, i.e.,
10-gap superconductivity is formally realized. Three hole
pockets at the I'-point and 1—2 electronic pockets at the
M-point are confidently identified in the studies using angle-

resolved photoemission spectroscopy (ARPES) [4,5]. The
four SC order parameters realized on the Fermi surface
cylinders detected with the help of APRES had rather
high characteristic ratios 2A;(0)/kpT; ~ 5—9 exceeding the
weak coupling limit of 3.53, which is consistent with the
optical [6] and femtosecond spectroscopy [7].

In experiments using scanning tunneling spectroscopy
(STS) [5,8,9,10] and point contact spectroscopy (PC) [11],
fairly wide maxima were observed in the spectra of
tunneling and Andreev contacts at 7 < T; in the bias ranges
of |Vs| &#3—4mV and |V | ~ 6—8mV, interpreted by the
authors of these papers as gap features from small and
large SC-gaps. Unfortunately, it is not possible to accurately
estimate the amplitudes of A; based on these data due to the
strong smearing: the authors of Refs. [5,8,10,11] managed
to satisfactorily approximate the experimental data only by
introducing a monstrous spread of values A;(0) from 0
to ~ 10—12 meV, corresponding to 100 % anisotropy in real
space, i.e., multiphase and complete chaos of properties.

Our preliminary spectroscopy studies of the incoher-
ent multiple Andreev reflections effect (IMARE), con-
ducted at T <« T., showed the coexistence of three bulk
SC order parameters with characteristic ratios averaging
2A;(0)/kgT, =~ 5.6, 3.9 and 1.3.

The temperature dependence of the concentration of
Cooper pairs ps(T) was obtained using measurements of
the London penetration depth [8,11,12] and muon spec-
troscopy [13]. A significant ,,curving down was observed
in the dependencies at temperatures 7 ~ 10—15K. To
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fit this feature, in addition to a large superconducting
gap with 2A;(0)/kgT, ~ 6—9 (which agrees with the data
from Refs. [4-11]), the introduction of a smaller super-
conducting order parameter Ag with 2Ag(0)/kpT, ~ 1-2
is required [8,11,12,13].

The SC properties of polycrystalline CaKFesAss samples
were studied in this paper using two complementary meth-
ods. The amplitudes of the SC order parameters and their
temperature dependences are directly determined using
IMARE spectroscopy. The dependences of the features
caused by the multiple-band Andreev transport are obtained:
the dependence of the Andreev excess current Iex.(7) and
the Andreev zero-bias conductance Goy-(T) in the I(V)
and dI(V')/dV-characteristics of the Andreev contacts; the
partial conductances of the effective bands are estimated
based on their analysis within the framework of the
multiple-band approach. Such data are not available in the
literature at the moment. Tunneling spectroscopy was used
to measure the temperature dependence of the supercurrent
I.(T) for SC constrictions, which is proportional to the
concentration of Cooper pairs ps(T). It is shown that 1,(T)
data can be described within the framework of theoretical
concepts using the data A;(7T') measured directly by IMARE
spectroscopy.

2. Details of the experiment

Polycrystalline CaKFesAs; samples were synthesized
from pre-prepared precursors CaAs, KAs, and Fe;As in
a molar ratio 1:1:2. The initial reagents used were
Ca(99.9 %), K(99.95%), Fe(99.98%) and As(99.9999 %).
The resulting precursors were ground and mixed in an
agate mortar. The powder was poured into a corundum
crucible, which was brewed into a niobium container. The
container was placed in a vacuum furnace and calcined
in an argon atmosphere at a temperature of 955°C for
6 hours. The resulting powder was ground in an agate
mortar and pressed into tablets with a diameter of 12 mm
under a pressure of 10 MPa. The tablets were placed in
a niobium container and brewed using argon arc welding
in an argon atmosphere. The container was placed in a
vacuum furnace and calcined at a temperature of 955°C for
6 hours in an argon atmosphere. All synthesis operations,
except calcination, were carried out in a glove box in an
argon atmosphere with an oxygen and water content of less
than 0.1 ppm.

As a result, dense polycrystalline samples were obtained,
which were crushed in an agate mortar for X-ray phase
analysis. According to the XRD data, the samples are
single-phase, the lattice parameters were refined by the
Le Bail method and determined as a = 3.8534(12) A,
c =12.830(5) A.

The methods of tunneling spectroscopy  of
superconductor-constriction-superconductor (ScS) contacts
and IMARE spectroscopy of SnS contacts (where n is

a thin normal metal) were used to study quasiparticle
transport in the SC and the normal state.

In a low-capacitance ScS-contact with a size d < 24
(where & is the coherence length) and with the overlap of
the wave functions of the SC condensates inside the tunnel-
ing barrier, a vertical supercurrent branch is present in the
current-voltage characterisitc (CVC) at a bias eV =0 below
T.. The amplitude of the supercurrent /. is determined
by the temperature dependence of the SC order parameter
A(T) according to the Ambegaokar-Baratoff formula [14]
and is proportional to the concentration of Cooper pairs
ps(T) from the BCS theory

_ 7w AT)
- 2 ERN

A(T)

IC(T) ZkBT

tanh

o< ps(T). (1)

When the critical current I, is exceeded (using a DC
source), a horizontal ,jump“to a quasiparticle branch is
observed in the CVC. The following can be written in
the two-band approximation

i((g)) — w5.(T) tanh Azl/;ffr) + (1 — )ds(T) tanh ngr)
3(7) = 3 @)

where Ry = 1/Gn is the normal contact resistance at
eV > 2A(0), and the weight contribution of the band with
a large SC gap is

GLA
W= 1AL (0) ) (3)
GLAL(O) + GsAg (O)
The IMARE effect is realized below 7, in a

superconductor-thin normal metal-superconductor (SnS)
contact with dimensions / > d > & (where [ is the char-
acteristic inelastic scattering length) and, consequently, a
lack of phase coherence between the superconducting
banks [15-18].  There is no supercurrent branch at
eV =0 in the CVC of an SnS-contact. However, in the
case of high tunneling barrier transparency (7 > 80 %,
corresponding to a barrier parameter Z < 0.5), a re-
gion of increased slope (the so-called ,foot“) is ob-
served: the zero-bias conductance Gzgc is finite but
can be several times higher than Gy [16-18]. The
Andreev excess current I (V,T)=1(V,T)—1(V,T.) is
observed over the entire bias range, tending to a constant
value at eV > 2A(0) [15,16]. For an ,ideal“ contact
(with Z = 0 and the broadening parameter I' = i/(27) = 0,
7 is the characteristic time of inelastic electron scatter-
ing) based on a single-band classical superconductor, the
temperature dependences of the Andreev excess current
Iexo(T) at eV > 2A(0) and Andreev zero-bias conductance
Gpc(T) = (Gzae(T)/Gn — 1) is determined by the depen-
dence of the SC gap A(T) [15,19,20]:

- 2 ON o4 A(T) tanh ¥ (4)
e

Toxe(T ,
exe(T) 2kgT
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[ A(T

Gope(T) = Gy - tanh Zk(B;. (5)

Due to the large number of unknown parameters of the

real contact (d, 1, Z,T'), it is difficult to estimate them from

the experiment based on the analysis of absolute values

Iexe(T) and G%50(T). Nevertheless, it is possible to study

the temperature trends of these values. In the two-band

approximation, normalized formulas (4), (5) can be written
as [21]

A(T

Tool0) @8L(T) + (1 — ¢)8s(T), 8(T) = oL (6)
A
R v Gp (1 -k T

The weight coefficient x of the dependence Go4-(T)
corresponds to the partial normal conductance G of the
band with a large SC gap [21]
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in this case, the weight coefficient ¢ of the dependence

Iex.(T) is approximately equal to

o GLAO)
GLAL(0) + GsAs(0) '

©)
The partial conductance of a band with a large SC gap can

be estimated from the I (7) data (i.e., the value yex) or
from the I.(T) data (value yi) as [21]

Yexe & [(l - 1) A0) 1]_1. (10)

@ As(0)

In the dynamic conductance spectrum of a high-
transparency SnS contact, IMARE causes the occurrence
of a subharmonic gap structure (SGS) [15,16]: minima
dI(V)/dV at bias voltages

eV,(T) = ZAiT), (11)

where n is a natural number. According to Ref [16], the
position V, of Andreev minima is directly determined by
the magnitude of the SC gap A(T) at any temperatures
up to T,. For an SnS contact based on a multiple-gap
superconductor, several SGS are expected to appear on the
dI(V)/dV-spectrum, the position of which corresponds to
A;(T). For T — 0, the number of n* minima observed on
dI(V)/dV in the spectrum of the planar SnS contact for each
band (for the case Z, ' = 0) approximately corresponds to
the ratio //d along the crystallographic c-direction [16], as
well as the ratio of Andreev zero-bias conductance to the
normal one [19,20] n* ~ [/d ~ G5p-/Gn and decreases in
real contact with small but non-zero Z [15] and T.

The study of planar SnS contacts with ballistic transport
(d < I® along the ab-plane, where ¢! is the mean free path)
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allows obtaining information about the possible anisotropy
of the SC gap in the kk,-plane pulse space. According to
calculations [22], the shape of the Andreev features of the
SGS may vary depending on the type of symmetry of the
SC order parameter. Sharp intense minima are expected
in the dI(V)/dV-spectrum of the SnS contact based on
an isotropic gap superconductor (s-wave symmetry). At
the same time, the amplitude of the features is suppressed
in the case of the anisotropy of the SC gap in k-space
(A(0) angle distribution, where 0 is the direction of the
momentum): for a gap with nodes (for example, d-wave
symmetry), the amplitude of the SGS minima does not
exceed ~ (5—10%)Gn [22]. Numerical calculations using
the approach in Ref. [22] have shown that for the case of
extended s-wave symmetry of the SC gap without nodes
(spectrum Ne 2 in Figure 4 in Ref. [23]), extended features
are expected representing doublets consisting of two minima
connected by an ,arch“. The position of the minima is
directly determined by the maximum (A°"') and minimum
(AM) coupling energies of the Cooper pairs, depending on
the direction of the momentum. The degree of anisotropy is
further estimated as A = 100% - [1 — (A"/A%™)].

Tunneling structures of the above types were crea-
ted using the ,planar mechanically adjustable break-
junction” [23] technique, which is a modification of the
classic ,,break-junction [24] technique applied to layered
compounds. The specifics of the configuration used, the
advantages and disadvantages of the method are discussed
in detail in the review in Ref. [23].

A sample prepared in the form of a rectangular plate
with a size of 3 x 1.5 x 0.3 mm?> was mounted using liquid
In-Ga solder at room temperature, 4 contacts were applied,
which fixed the sample on a springy Il-shaped holder made
of beryllium bronze. Next, the sample holder was cooled
to T =4.2K and bent precisely, which contributed to the
splitting of the sample. The formation of microcracks was
monitored in real time by the appearance of the final slope
of the cracked sample.

In the general case, the microcrack separating
two massive SC-banks is a superconductor-constriction-
superconductor (ScS) type structure. During the experi-
ment, the crack remains ,closed, ie., the parts of the
sample are not separated by a significant distance, unlike the
classical technique. This protects the cryogenic cleft from
degradation and penetration of impurities, which makes
it possible to obtain high-quality tunneling contacts and
observe a bulk SC gap that is not affected by surface
effects. By fine-tuning, varying the bending of the table, it is
possible to change the point of contact and obtain dozens of
tunneling contacts on the same sample, which is necessary
to set statistical data and verify the reproducibility of certain
values of the SC gap. Depending on the transparency and
thickness of the barrier, various spectroscopy methods can
be implemented on the break-junction contacts.

In the general case, cleavage in polycrystalline sam-
ples runs along the grain boundaries. However, as we
showed earlier [23], in polycrystalline samples of layered
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compounds, when the grain bonding strength exceeds the
interlayer bond, it is possible to split individual crystalline
grains in which the crystallographic ab-planes are oriented
along the crack. Steps and terraces characteristic of any
layered compounds are observed on the surface of such split
grains (Figure 2 in [23]), on which planar ScS contacts with
current flow along the crystallographic c-direction can be
obtained. According to our estimates, for single and poly-
crystals of related layered compounds [23,25,26], the size of
the contact region is about 10—50 nm is much smaller than
the average width of the terrace (~ 100—500nm) and the
size of crystalline grains (up to 1um). For planar contact,
the IMARE observation condition must be fulfilled along
the c-direction (I, > d.). The dependence of the coupling
energy of Cooper pairs on the momentum direction can
be resolved in the k.k,-plane under the condition of
ballistic flight of quasiparticles lffb > d,p, while along the
k.-direction there is ,,mixing charge carriers and averaging
of A(k;) [23].

3. Results

Figure 1 shows the CVC (orange line, right vertical axis)
and the corresponding dI(V)/dV-spectrum (red line, left
axis) of the SnS contact on a microcrack obtained with
T =3.1K <« T, in a polycrystalline CaKFesAss sample.
The CVC is almost symmetrical with respect to zero,
does not contain ,jumps“ and hysteresis. There is no
supercurrent branch on the CVC at eV =0, instead, it
shows a region of increased slope, so called ,foot“. Over
the entire bias range, this CVC passes above the normal-
state one of the same contact, measured at T = 36K > T,
(dashed line), i.e. it has an excess current. The slopes
of the CVC measured below and above 7, approximately
coincide at large biases, i.e., the Andreev excess current
tends to a constant value. These features of the CVC
clearly indicate the realization of an IMARE regime of high
transparency in accordance with all available theoretical con-
cepts [15-20]. The observed Iex(V) — const at large bias
eV > 2A(0) also corresponds to the approximate constancy
of the normal resistance Rn(7T) — const with temperature,
which indicates the absence of local overheating and the
implementation of ballistic quasiparticle transport through
the contact.

The corresponding dI(V)/dV-spectrum has sharp min-
ima at biases of approximately 17.4, 122, and 8.7mV
(the blue and pink lines in Figure 1), which do not
correspond to the formula (11) and cannot belong to
the same SGS of the isotropic gap. The spectrum is
rather smooth at |V| > 18 mV. Assuming each of the two
minima located at the maximum bias |Af}'| ~ 17.4mV
and |A | ~ 12.2mV, as a doublet from the fundamental
Andreev harmonic (n; = 1), it is possible to directly deter-
mine the two characteristic coupling energies of Cooper
pairs 2A9"(0) & 17.4meV and 2AI(0) ~ 12.2meV, cor-
responding to the anisotropic distribution of the gap
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Figure 1. CVC (right vertical axis) and dI(V')/dV-spectrum
(left axis) of the SnS-Andreev contact in a polycrystalline sample
of layered pnictide CaKFe;Ass, measured at 7 =3.1K < T..
The position of the fundamental (n=1) harmonic AS}' and
the second (n=2) subharmonic Aj' from the SC order pa-
rameters 2A9"(0) & 17.4meV is marked by vertical blue lines,
the fundamental harmonics A of the SC order parameter
2A(0) ~ 12.2meV — pink lines. The CVC of the same contact
obtained above T; (dashed line) is shown for comparison.

in k-space. = The minimum located at half the bias
|AS| &~ |A%}"|/2 =~ 8.7mV, can be interpreted as the second
(n=2) subharmonic of A{". The second subharmonic from
AR, expected at |All | 2 6.1mV, approximately overlaps
with the beginning of the foot (corresponding to the
minimum of dI(V)/dV at |V| = 5.3mV) and probably for
this reason is not allowed as a separate a feature.

The temperature evolution of the dI(V)/dV-spectrum of
the SnS contact in Figure 1 is shown in Figure 2,a. As noted
above, the normal contact resistance remains approximately
constant with increasing temperature, however, for the
convenience of considering Andreev structures, the spectra
in Figure 2,a are manually shifted vertically =~ As the
temperature increases, the amplitude of all the Andreev
features, as well as the foot height Gzpc, decreases, and
their position shifts towards zero. At T = 33.8 K (the upper
curve in Figure 2), the spectrum is smoothed out and has
no Andreev features, which means the absence of Cooper
pairs and the transition of the contact region to a normal
state, determining its local critical temperature 7,°%%.

The dependence of the positions of the main features
of dynamic conductance on temperature according to
Figure 2,a is shown in Figure 2,b. The features at A}
and A}" (solid and open circles) have similar temperature
behavior, and their position differs approximately twice over
the entire temperature range up to T, as shown in the upper
inset to Figure 2,b. This confirms the earlier conclusion
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Figure 2. a — dI(V)/dV-spectrum of the SnS-Andreev contact (shown in Figure 1), measured at 7 = 3.1—33.8 K. For convenience,
dI(V)/dV are normalized to the corresponding spectrum at 7 > T and manually shifted vertically. Vertical dashes at 7 = 3.1 K mark
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the position of the Andreev harmonics AJJ", AS" and Af;. b — temperature dependences of the positions of the Andreev features A"
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and A" (dark and light circles), A} (diamonds). The upper insert shows the ratio of the bias of the first and second Andreev features

out ; Ain

A/AS™ depending on the temperature, the lower insert shows the ratio ASJ*/A7] .

that the feature at A" is the second subharmonic of
A}, directly determining the dependence of the same SC
order parameter 2A{"(7) on temperature. At the same
time, the feature at the offset All , which determines the
dependence 2AI'(T'), also has a similar temperature trend:
the ratio A™(T)/AM(T) remains approximately constant
in the range from 7 =3.1K to 7, (bottom insert in
Figure 2,b). The temperature course of the minimum
at small bias voltages |V(0)| =~ 5.3mV generally repeats
the shape of the dependences of the Andreev features on
AMY(T) and AR(T), therefore this feature can be interpreted
as the beginning of a pedestal, rather than the fundamental
harmonic from a small SC gap.

Doublet Andreev features (two closely located
minima)  with a  similar  temperature  evolution
(A™(T)/AP(T) ~ const) are reproducibly — observed

by us on dI(V)/dV-spectra of SnS contacts in iron-
containing superconductors EuCsFesAss of the related
family 1144 [27,28], Ba(Fe,Ni),As; of the 122 isostructural
family [25], as well as in the alkali metal-based pnictides
LiFeAs and Na(Fe,Co)As [29,30]; on the contrary, it was
not reproducibly observed, for example, in the oxypnictides
of the 1111 system [26]. In general, we can suggest two
scenarios for the appearance of such doublets.

1. The presence of two isotropic SC gaps A" and Al
opening on different sheets of the Fermi surface, the mag-
nitudes of which differ by 1.3—1.5times. According to the
classical BCS-like multiple-band approach — the system of
Moskalenko and Suhl equations [31,32] — the constancy of
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the ratio A;/A; over the entire temperature range is realized
in the unique case of the zero determinant of the matrix of
coupling constants 4;;. Although such a scenario cannot
be ruled out for a specific superconductor, its simultaneous
realization in pnictides of three families [25,27-30] seems
unlikely.

2. The presence of a single SC condensate with
anisotropy of the order parameter A; depending on the
momentum direction. In this case, the two minima on
the dI(V)/dV-spectrum represent a single extended feature
(doublet), and the characteristic energies A and Al
correspond to the extremes of the angular distribution Ay (0)
in kyk,-plane.

3. Emission of a quasiparticle with energy e = A"t — AR
will create a second minimum (with higher energy) for
those Andreev electrons that emitted this quasiparticle and
loose energy ¢; in the IMARE process. In this case, &
may have its own, weaker dependence on T, unrelated to
A(T). Then, for T — T, , we get a very different ratio of
the positions of the features of A]"/A?" — 0, which is not
observed in our case.

Figure 3,a shows the temperature behavior of
dI(V)/dV-spectrum of another SnS contact obtained in
polycrystalline CaKFesAss sample from the same batch.
A doublet of the fundamental Andreev harmonic containing
minima of dynamic conductance at |Afj*(0)| ~ 17mV and
|Al? (0)| ~ 10mV (blue and purple vertical dashes) can be
seen at T = 4.2K < T;, (lower curve in Figure 3, a).
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Figure 3. a —dI(V)/dV-spectra of SnS-Andreev contact formed in polycrystalline CaKFesAs,; sample, measured at 7 = 3.1-33.8K.
For convenience, dI(V)/dV are normalized to the corresponding spectrum at 7 > 7. and manually shifted vertically. Vertical dashes at
T = 3.1K mark the position of the fundamental Andreev harmonics ASY, Alf and A;s of the SC order parameters 2A2"(0) ~ 17 meV,
2A(0) ~ 10meV, 2As(0) =~ 4meV. b — temperature dependences of SC order parameters AY™ (T), AP (T) and AR (T) (circles, rhombuses
and triangles, respectively). The dependence of the effective large SC gap, estimated as AST(T) = / (AiL"(O)AE“t(O))Sﬂ“t(T), is shown in
squares. Solid lines — approximation by a two-band BCS-like model with strong coupling corrections. The inset shows the degree of the
estimated anisotropy of the large gap Ar = 100% [1 — A"/A"] depending on the temperature.

There is a feature at small bias |A;5(0)| =~ 4mV, whose
position does not correspond to the n = 2 subharmonics of
the assumed extremes of the large gap and has a fundamen-
tally different temperature dependence (see below). This
feature can be interpreted as a fundamental harmonic of a
small SC gap Ag(0) ~ 2meV. Such doublets of a small SC
order parameter are not observed in the dI(V)/dV-spectra
of SnS contacts obtained by us. At the same time, on
average, the amplitude of the SGS dips of a small SC
gap is several times lower compared to intense minima
from Ap. This can be caused either by the shorter mean
free path of the carriers or by strong inelastic scattering
in bands with a small SC gap, or by its strong anisotropy
(with the possible presence of nodes) in the momentum
space. It is also known that the amplitude of the features
in the dynamic conductance spectra of Andreev contacts is
proportional to the concentration of Cooper pairs [16,18].
Such a small amplitude indicates a small concentration of
Cooper pairs, thus corresponding to a small concentration
of conduction electrons above T; in the bands where a small
gap developed.

The temperature dependences of the three SC-order
parameters directly determined using the data in Figure 3, a
are shown in Figure 3,5. As for the SnS contact discussed
above (Figure 2,b), the dependences of the assumed
extremes of the anisotropic large SC gap A{™(7) and
AR(T) (circles and diamonds in Figure 3, b) generally repeat

the single-band BCS-shaped behavior (the dotted lines in
Figure 3, b), but run slightly lower. The degree of assumed
anisotropy Ap in k-space Ap ~ 42% almost does not
change with increasing temperature up to 7, (within error
limits +1%), as shown in the insert to Figure 3,5. The
small SC gap As(T) (triangles in Figure 3,b) begins to
close more rapidly at temperatures of 7 ~ 10—15K, then
smoothly stretches to Tt, forming a ,.tail”.

Similar temperature behavior of the large and small SC
gap, according to Refs. [31-33] is typical for the case
of relatively weak interband interaction of SC conden-
sates in k-space. The ,effective” isotropic large SC gap
AST(T) was used as a rough estimate for approximation
of the directly obtained temperature dependences AS"(T),
AIN(T) and Ag(T) with a model based on the Moskalenko
and Suhl equations [18-20] with strong coupling correc-
tions [33]. Taking into account the similar temperature trend
ST = §NT) = §1.(T) (where §(T) = A(T)/A(0)), the
temperature dependence AST(7), shown by squares in
Figure 3,b, was estimated as &(7)=4.(T), and its
low-temperature value — as A{T(0) = /(A{™(0)A(0)).
As can be seen from Figure 3,b, the theoretical curves
(solid lines) accurately describe the data AST(T) and Ag(T)
over the entire temperature range. The local critical
contact temperature 7.°! ~ 32.6K was estimated as the
temperature at which the approximate AST(0) and Ag(T)
dependences vanish.
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Figure 4. CVC of the SnS-Andreev contact based on polyrys-
talline CaKFesAss, measured at 7 = 4.2—34.5K. The insert
shows the Andreev excess current Iexe(V) =I(V, T) — I(V, T¢) at
various temperatures.

10 20 30 40 50

These smooth approximation curves (solid lines in Fi-
gure 3,b) were further used as temperature dependences
of large and small gaps to analyze the dependences
I(T), Iexo(T) and G53c(T) within the framework of
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the two-band approximation proposed above using the
formulas (2), (6)—(7), respectively. Thus, we maintained the
characteristic ratios 2A,;(0)/kgT; obtained from the IMARE
experiment, and the only fitting parameter was the weight
coefficient.

Figure 4 shows a change in the CVC of the same SnS con-
tact (Figure 3) with increase of the temperature. The CVC
measured at T = 34.5K > T!°% is almost smooth and does
not contain Andreev features. Based on the I(V, T) data, the
inset to Figure 4 shows the dependences of the Andreev
excess current I.(V) at various temperatures, determined
as the difference between I(V, T < T;) and the CVC in the
normal state I(V, T = 34.5K), shown in light pink. The
well-marked features of I (V) at small bias correspond
to the Andreev harmonics on the dI(V)/dV-spectrum
(Figure 3,a), and at large bias [eV| > 2A{"(T') the excess
current tends to a constant value according to the predic-
tions [15,16] and indicating the ballistic mode of the quasi-
particle transport (Rn(T) = const). As the temperature
increases, the Andreev excess current decreases at large bias,
turning to zero above T1° at all bias V.

The normalized temperature dependence of the Andreev
excess current Iexc(7T)/Iexc(0) is shown by circles in Fi-
gure 5,a. To account for the fixed bias eV =50meV,
at which the excess current value was taken at all tem-
peratures, the values of I (T) were also normalized to
tanh[eV/(kpT)] in accordance with the formula (4). The
limit cases ¢ = 0, 1 are shown in Figure 5, a with dotted and
dashed lines. The experimental dependence Iexc(T)/Iexc(0)
is described by the formula (6) in the best way (gray solid

Y e — b
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Figure 5. Temperature dependences of Andreev zero-bias conductance () and Andreev excess current (b) according to Figure 4. The
limit cases ¢, x = 1 and ¢, x = 0 based on the approximation curves A{T(T) and As(T) (Figure 3,b) are shown as dashed and dotted

lines, respectively; approximations formulas (6), (7) — solid lines.
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Weight coefficients ¢, @, y — contribution of bands with a large SC gap to the dependence of the Andreev excess current, critical SC
current and Andreev zero-bias conductance, respectively. The contributions of bands with A{™ to the total conductance of yex and yic,
estimated from /e (7') and I.(T) data, respectively are given for comparison
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Figure 6. CVC of a superconducting short-circuit connected
in series with a SnS-Andreev contact formed in a polycrystalline
CaKFesAss sample and measured in the range of 7 = 4.3—36.0K.
The current plateaus on the CVC correspond to the critical currents
of the transition of the SC short circuit to the normal state with a
finite resistance. The dashed line shows the CVC of this tunneling
contact in the normal state at local 7. = 36.0K.

line in Figure 5,a) with a weight coefficient ¢ = 0.82, thus,
the contribution of bands with an effective large gap to the
total conductance, according to the coefficient conversion
formula (10), can be estimated using the values AST(0) and
As(O) as Yexc = 0.64.

The Andreev zero-bias conductance Gop(T)/Gopc(0),
normalized to its value at T <« T,, for the same contact
is shown in Figure 5,5 by circles. At temperatures of
the order of 12K, there is a noticeable ,curving down"
caused by the contribution of the quasiparticle transport of
the bands with the small SC gap and its suppression by
inelastic scattering with an increase of 7. The obtained
dependence can be described in the framework of the
two-band approximation (7), with the estimated partial
contribution of the ,leading zone with a large SC gap
x = 0.7 (solid line in Figure 5, b).

Figure 6 shows a family of CVC in the temperature
range of T =4.3—-36.0K of a hybrid tunneling junction
consisting of SC short circuit (ScS) connected in series with
an SnS-Andreev contact. The formation of hybrid tunneling
structures in which certain contacts are connected in series
or parallel becomes possible when using the break-junction
technique on polycrystalline samples. A similar type of
CVC in which the low-bias part tends, but does not reach
the vertical, at a certain critical current I* ,jumps “ to a
current plateau, and at high currents (see CVC measured at
T = 4.3K in a wide bias range, in the insert to Figure 7, a)
demonstrates an excess current compared to the CVC in
the normal state (dashed line in Figure 6), is typical for
the case when the resistance of a series-connected SnS
contact is RY™ < RYS. It should be noted that when
the SnS and ScS contacts are connected in series, it is
impossible to observe a strictly vertical supercurrent branch.
Nevertheless, in the current source mode, a change in the
value of the ,jump“ current with a temperature of I*(T)
allows obtaining a temperature dependence of the critical
current of the superconductor, which is approximately
proportional to the concentration of Cooper pairs. Starting
from T = 30K, I*(T) was defined as the current at which
the minimum of the derivative dI(V)/dV is observed.

A similar dependence I*(T)=1.(T), obtained from
Figure 6, is shown in Figure 7,a with blue triangles.
For comparison, the circles show a similar relationship
for a sequential ScS-SnS structure obtained on another
CaKFe4Ass sample from the same batch. A similarity of
their shape is observed. The solid lines correspond to a
simplified theoretical approximation I.(7) using two terms
based on BCS-shaped dependencies A(T), while using only
one term does not allow a qualitative description of the
experimental data. It can be seen that both approximations
tend to T; ~ 36.3—36.7 K, which is in excellent agreement
with R(T') of the bulk sample shown in Figure 7,a by open
circles.

We have obtained several experimental dependencies
I*(T), and the data shown in Figure 7,b in normalized
coordinates is a representative sample of these results. Good
reproducibility is visible. Figure 7,b contains both sets
of data from the panel Figure 7,a, the type of symbols
is preserved. We have approximated these dependencies
within the framework of the expression (2); based on the
definitions (3), (9), It can be concluded that the weighting
factor w for the dependency I.(T) should correspond to
the weighting factor ¢ for the dependency Iex (7). As a
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Figure 7. a — temperature dependences of the critical current for two short circuits based on CaKFesAss (left axis). The dependence
constructed from the data in Figure 6 is shown by blue triangles; solid lines — simplified theoretical approximation /(7). Light circles —
the dependence of the volumetric resistance of the sample on the temperature R(7T') in the region of transition to the SC state (right axis).
The insert shows the CVC of the tunneling contact from Figure 6 at T = 4.3 K over a wide range of bias voltages. » — dependence of
the critical current on temperature in normalized coordinates. In addition to the experimental data from the panel ,,a“, the red triangles
and black squares show [.(7)/I.(0) data for two other contacts based on polycrystalline CaKFe4As4 samples. The limiting case w = 0
based on the approximation curve Ag(7') (Figure 3,b) is shown by a dotted line, the approximation by formula (2) is shown by a solid

line.

result, the estimated range of w was 0.94—0.98 (Figure 7, b),
however, the correspondence of w and ¢ is not observed.
Possible reasons for this are discussed below.

4. Discussion

For ease of comparison, the obtained weight coefficients
, Xic, a8 Well as @, yexc and x are shown in the table.

Thus, the contribution of bands with a large SC gap to the
overall conductance was estimated in three ways: directly
as a weighting factor y for the dependence G?BC(T), and
also using coefficients ¢ and w, by recalculation using
the formula (9); the values are denoted as yXex. and wi,
respectively. The obtained ranges of values xex and ¥
turned out to be close, which indicates the qualitative
consistency of estimates of the partial conductance of the
effective band with a large SC gap in the normal state
based on an analysis of the temperature behavior of the
features caused by IMARE. The correspondence of the
estimates yi and x turned out to be worse, their ranges
do not overlap, which may indicate an oversimplification of
expression (2), which does not take into account the ratio
of the geometric dimensions of the contact with the London
penetration depth, as well as the steaming effect of critical
current densities.

In general, comparing the values of Jexe, Xic and yx, it
is possible to conclude that the contribution of effective
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bands with a large SC gap to the overall conductance of
CaKFe4As, is dominant.

It should be noted that the isotropic double-term ap-
proximation used is based on the formulas (2), (6), (7) is
a serious simplification, which limits its application to the
study of multiple-band transport in such a complex system
as CaKFesAsy [3]. Nevertheless, the estimate yxex., obtained
on the basis of the Andreev excess current analysis, seems
to be the most physically correct in this case. Here are some
arguments in favor of this statement.

The features of the small SC gap are almost indistin-
guishable in the dI/dV-spectra in Figures 1-3, which
creates certain difficulties in studying this order parameter.
On the one hand, as mentioned above, this may be
caused by the low concentration of Cooper pairs in the
corresponding bands. The latter is confirmed by the data
in the table, especially the results of the approximation
of the dependencies I.(T) (shown in Figure 7,b), which
correspond to a small contribution from bands with a
small gap, on average less than 12%. Another factor
suppressing the amplitude of features from a small SC gap
in the dI(V)/dV-spectra of SnS contacts may be its strong
anisotropy in k-space, including the presence of nodes in
the distribution [22,23]. In the latter case, the parameter
determined in the IMARE experiment is of the order
Ag = A, and AiS“ — 0. In this case, we should expect
a decrease in the weight coefficients w and y, while the
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approximation I (7T) and the weight coefficient ¢ will not
change.

Inelastic scattering, which smears the gap peaks of
the density of electronic states, according to the ap-
proach [19,20], practically does not affect Iexc(7), while
dominating the dynamics of Andreev processes precisely
in the foot region, limiting its height, i.e, the value of
Andreev zero-bias conductance G2y Taking into account
the increase in I'(T)/A(T) with temperature, which is not
considered in the approach [19,20], we should expect a
faster decrease in G2y.(T) near T, compared with the
predictions of formula (7). Finally, a small, but nonzero
value of the barrier parameter Z, according to Ref. [15],
affects only the absolute value of I.x(0), without changing
its temperature dependence.

Summarizing the above, the approximation of Iex.(T)
and the estimated weighting factor ¢ seem to be the
most ,.stable” relative to taking into account the additional
parameters of a real SnS contact based on CaKFesAs,.
At the same time, it is necessary to expand the existing
theoretical concepts described in Refs. [19,20] for a correct
description of G55 (T) and the development of new models
predicting the temperature behavior of I.(T) for the case
of planar contact or small-thickness SC short circuit in a
layered superconductor.

Thus, the contribution of the bands with a large SC
gap to the overall conductance can be estimated as
Xexe ~ 0.54—0.67.  This value is close to y2 =~ 0.5,
previously estimated using IMARE spectroscopy [21] and
infrared Fourier spectroscopy [34] in related pnictides
Ba(Fe,Ni),As; of 122 family.

5. Conclusions

The magnitudes and temperature dependences of mi-
croscopic superconducting order parameters A;(T) were
determined by analyzing the features of I(V') and d1(V')/dV-
characteristics of various tunneling structures created in
polycrystalline CaKFesAs; samples, as well as the de-
pendence of Andreev excess current Iex.(7), Andreev
zero-bias conductance G2y.(T) and supercurrent on the
temperature /(7). Based on the three-method evaluation of
the partial conductances of the two effective bands, which
utilized directly measured A;(T) and a comparison of the
obtained results, the contribution of the bands with the large
superconducting gap to the total conductance was estimated
to be =~ 54—-67%.
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