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1(V) characteristics and their first derivatives of ScS and ScN-type (S is superconductor, ¢ is constriction, N is
normal metal) point contacts (PCs) based on Ba;_yNayFe,As, (x = 0.25 and 0.35) were studied. ScS-type PCs with
S = Nb,Ta, and Pb show Josephson-like resistively shunted 1(V) curves with microwave induced Shapiro steps
which satisfy relation 2eV = hw. The IRy product (I is critical current, Ry is normal state PC resistance) in these
PCs is found to be up to 1.2 mV. All this data with the observed dependence of the I; on the microwave power of
ScS PCs with Pb counterelectrode indicates the presence of the singlet s-wave type pairing in Baj_yNayFepAs).
From the dV/dI(V) curves of ScN-type PCs demonstrating Andreev-reflection like features, the superconducting gap
A ratio 2A/kgT. = 3.6 + 1 for the compound with x = 0.35 was evaluated. Analysis of these dV/dI(V) at high biases
V, that is well above A, testifies transition to the thermal regime in PCs with a voltage increase.

PACS: 74.50.+r Tunneling phenomena; Josephson effects;
74.70.Dd Ternary, quaternary, and multinary compounds;
74.45.+c Proximity effects; Andreev reflection; SN and SNS junctions.

Keywords: point contacts, Josephson effects, Shapiro steps, Andreev reflection.

1. Introduction

The discovery of superconductivity in the iron-based ma-
terials provokes an enormous interest, since a high T, was
obtained in compounds with ferromagnetic metals, what
raised the question about nature of superconducting (SC)
pairing mechanism and symmetry of SC wave function.
Ferriferous doped superconductors of 122-type structure
based on the parent compound BaFepAs; are the most inves-
tigated pnictide systems nowadays. Hole doping by alkali
metals leads to the suppression of the spin-density wave
antiferromagnetic state and the appearance of superconduc-
tivity with transition temperature T, up to 38 K [1,2]. Su-
perconductivity is formed here in a multiband system with
multiple Fermi surfaces of different (electron and hole) na-
ture, which is very different from the single band situation in
high-T¢ cuprates. Since their discovery, quite a lot of re-
search has been done, in which the electron spectrum and
the Fermi surface of new superconductors were studied us-
ing angle-resolved photoemission (ARPES) [3]. This meth-

od has proved its effectiveness in the physics of high-T¢
cuprates. In fact, for iron-based superconductors ARPES-
study provides valuable information that helps clarify the
peculiarities of their electronic spectrum, as well as of the
Fermi surface, and the quantities and characteristics of SC
gap(s). Investigation of the Josephson effect [4] and point-
contact Andreev-reflection (PCAR) spectroscopy [5] plays
significant role in the understanding of the nature of the SC
ground state in these material as well.

The Josephson effect [6,7] was investigated in pressure-
type contacts with the Pb counterelectrode in [8]. Stable
Josephson coupling in contacts Baj—xNayFe2Asp,—Pb along
the c-axis was found. It was established that a Josephson
current flows mainly through the active small contacts
which exhibit virtually no superconductivity at low clamp-
ing. Just as the pressure increases, the contact area increas-
es and superconductivity appears. Observation of the Jo-
sephson effect in the c-axis geometry in this iron pnictides
excludes pure p- or d-wave pairing in these materials and
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the obtained results support the existence of s-wave pairing
[9]. Josephson junctions fabricated in epitaxial films utiliz-
ing bicrystal grain boundary [10] and oxidized titanium
layers as barriers [11] have been studied as well. Both
studies report also some difficulty to get junctions with
Josephson behavior and the product I.Ry is up to several
orders of magnitude less than that expected theoretically,
what is a serious obstacle for an application.

On the other hand, PCAR spectroscopy is widely used
to study SC order parameter(s) or SC gap(s) in these com-
pounds [5,12,13]. In our paper [14] we utilized the PCAR
spectroscopy to study the SC gap in the sample with x =
=0.25. It was shown that pronounced peculiarities in the
PC spectra at high biases above the SC gap is governed by
high specific resistivity and thermopower of the bulk mate-
rial being the features of the thermal regime of the current
flow in PCs. Whereas emerging of Andreev reflection (AR)
structures at small biases gave possibility for the spectrosco-
py of the SC gap which showed unequivocally only one gap
with the preferred value 2A/kgT = 6. In this study we con-
tinue PCAR investigation of the Baj_yxNaxFepAsy family,
focusing on the compound with x = 0.35, in order to have a
look on the gap structure in this compound and compare
with the results obtained in [14] for x = 0.25.

2. Experimental details

Single crystals of Baj_yNayFe As, were grown using a
self-flux high-temperature solution growth technique [15].
For the samples with x = 0.25 and 0.35 the SC transition in
resistivity starts around 10 and 34 K, correspondingly.

The PCs were established in situ by touching a thin me-
tallic wire (@ = 0.2-0.3 mm) to the cleaved (at room tem-
perature) surface (an edge) of the plate-like (flake) sample.
Thus, we measured heterocontacts between simple metal
and the title compound preferably in the ab-plane. The
differential resistance dV /dI(V)=R(V) of I(V) charac-
teristic of PC was recorded by sweeping the dc current |
on which a small ac current i was superimposed using
standard lock-in technique. The measurements were per-
formed mainly at the temperature 4.2 K (up to 35 K in
some cases) and under microwave irradiation with fre-
quency 9.57 GHz in the case of ScS contacts.

The critical current |, (Josephson effect) was regis-
tered on 1(V) curves of ScS contacts only after electrical
breakdown of mechanically established PC from resistance
of a few tenth Ohm till much lower resistance, i.e., much
less than 1 Q. For PCs with Pb counterelectrode we were
able to produce Josephson junctions with a clear critical
current or zero resistance at V = 0, while in the case of the
Ta and Nb counterelectrodes an additional resistance ap-
peared, so that R(V =0) = 0.

The characteristic voltage V =1.Ry (Ry is normal
state resistance of PC) that determines the cutoff frequency
of the Josephson current [16], was up to V = 1.2 meV for
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the PCs with Pb counterelectrode. Induced Shapiro steps
were observed under microwave irradiation both on 1(V)
curves and more clearly on their first derivatives with the
distance between them V = xin/2e.

For some ScS contacts with the Pb counterelectrode, as
well as for all contacts with the Ta counterelectrode, the
critical current was very small and the manifestation of the
ac Josephson effect (Shapiro steps) was observed only on
the first derivatives of the 1(V). Equivalent circuit for PCs
in this case, can be represented as a series connection of
the resistance with a Josephson junction. In the case of Nb
counterelectrode a more complex circuit was implemented
with serial and parallel additional resistances as it will be
shown further.

3. Results and discussion

3.1. Search for Josephson effect in ScS contacts

Figure 1 shows a series of the (V) curves and first de-
rivative of a ScS PC Baj_xNaxFeoAsy with Pb counter-
electrode at different microwave power levels. It is notice-
able that under irradiation stepped structure occurs in the
1(V). This is, so-called, Shapiro steps, or manifestation of
the ac Josephson effect [6,7].

For some contacts with the Pb counterelectrode (Fig. 2)
there was a significant slope of 1(V) atV =0 and the criti-
cal current was small. This leads to the fact that the dis-
tance between the steps becomes larger than the expected
one. The 1(V) slope at V = 0 indicates the inclusion of an
additional resistance R,y in series with the Josephson
junction (see the equivalent circuit in Fig. 2). Accounting
of this resistance (R,q = 28 m() leads to the elimination
of I(V) inclination at V = 0 (Fig. 2 inset), while appropri-
ate distance between steps Shapiro becomes V = 7iw/2e as
it should be in the case of Josephson coupling. It should be
noted that the induced current steps with the largest num-
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Fig. 1. (Color online) 1(V) curves of contact Ba;_yNayFe,As, — Pb at
increasing of microwave power from zero (top curve) to the maxi-

mal (bottom curve). For the dotted (red) 1(V) curve its first deriva-
tive dVv/dl is shown for negative bias. T =4.2 K, f=9.57 GHz.
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Fig. 2. (Color online) First derivative of (V) curve of
Ba;yNayFeoAs, — Pb contact. Inset: experimental (V) (dotted
curve 1), solid curve 2 is I(V) after subtracting of additional
resistance.

ber was observed at V ~ 1 mV. This value coincides with
the characteristic voltage estimated from the product of
IRy

The position of current steps on the voltage axis is de-
fined by the Josephson relation [6,7]:

V, =nhf/2e,n=0,1,2,3,.. Q)

with a superconducting pair charge equal to 2e. It is known
[6,7] that the height of the current steps induced by the
external field oscillates with increase of the irradiation
power. The amplitude of the current steps is given by the
Bessel function of the corresponding order [6,7]:

Iy = 1o | Jn(evinf)|, )

where v ~~/P (P is microwave power) is ac voltage in-
duced in a contact by microwave field. Figure 3 shows de-
pendence of the critical current 1, and the first two steps of
currents I, and 1, on the microwave power. The resulting
curves are in good agreement with the initial portions of the
corresponding Bessel functions [7]. Since the investigated
Josephson junctions have low resistance (Ry < 0.2 Q) then
we do not have enough microwave power to trace the behav-
ior of the critical current 1, and the first two steps of the
currents I, and |, to a greater extent.

In the case of the Ta counterelectrode, electrical break-
down is also used to create a Josephson junction. However,
in this case, there was always a significant slope of I1(V) at
V = 0 and thus the critical current was negligible. This
leads to the observation that Shapiro steps become visible
only on the first derivative dV/dl(V) as dips and the dis-
tance between them was greater than the expected one
(Fig. 4). Thus, for the ScS contacts with the Ta counte-
relectrode the equivalent circuit includes a series re-
sistance, as well as for some PCs with Pb. Accounting for
this resistance Rag = 21.7 mS) leads to the elimination of

—8— exp
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Fig. 3. (Color online) Dependence of the critical current I and
the amplitude of the first microwave induced steps of a currents
11 and I, on microwave power P.

I(V) inclination at V = 0 and the distance between Shapiro
steps becomes correct, i.e., V = hw/2e.

Josephson junctions with a counter electrode made of
Nb, as well as in the case of Ta and Pb, had also a slope of
I(V) atV =0 and a larger distance between Shapiro steps.
The equivalent circuit here is more complicated, since the
incorporation of additional resistance in the circuit with
series connection leads to overestimation of distance be-
tween the steps. The equivalent circuit of a ScS contact in
this case, following [17], can be represented as a parallel
circuit, in one arm, which includes a Josephson junction in
series with the resistance R;, and the other — an addition-
al parallel resistance R,. It is assumed that the resistive
elements have a linear (V) and the power of the incident
radiation is sufficiently low to prevent bolometric effect,
i.e., the contact heating by irradiation is negligible.

Applying the methodology outlined in [17] to our ScS
contacts with Ta and Nb, we show the final electrical cir-
cuits in Fig. 4 (insets).
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Fig. 4. (Color online) The first derivative of 1(V) for a ScS con-
tact Baj—xNaxFe2Asy — Ta at T = 4.2 K, f = 9.57 GHz. Shapiro
steps appear as dips spaced by 22 V. The inset shows the equiv-
alent circuit of a Josephson junction with serial resistance ac-
counting for additional resistance (a). The first derivative of 1(V)
for a ScS contact Baj_yNaxFeoAsy — Nb at T = 4.2 K, f =
=9.57 GHz. Shapiro steps appear as dips spaced by 23 pV. The
insets shows the equivalent circuit of a Josephson junction with
the additional serial and parallel resistances (b).

The absence of the critical current (nonzero resistance at
V =0) on I(V) in the case of the Ta and Nb counter-
electrodes makes it impossible to trace its behavior as a func-
tion of the microwave power. Difficulties associated with the
creation of Josephson junctions with high critical parameters
in the case of Ta and Nb counterelectrodes, can be connected
with sensitivity of the SC parameters of pnictides to stoichi-
ometry of the surface. It may be associated with degradation
of the surface structure of Baj_xNayFeoAs> in the contact.
Namely, Pb is a softer counterelectrode compared with Ta
and Nb, what reduces the surface damage at the PC creating.

Thus, the detection of the ac Josephson effect in point
contacts between Baj_xNayFe2As; crystals and Pb, Ta, and
Nb counterelectrode with the distance between Shapiro
steps V = hw/2e, as well as the observed dependence of
the critical current on the microwave power with Pb
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counterelectrode is in line with the presence of the singlet
s-wave pairing in this new superconductor.

3.2. Andreev reflection spectroscopy using ScN contacts

We have measured and analyzed a few tens of dVv/dI(V)
dependences of Baj_yNaxFepoAsp—Ag (or Cu) ScN-type
PCs. As in the case of the samples with x = 0.25 [14], the
dv/dl (V) spectra do not show any principal difference
while being measured by attaching the needle to the
cleaved surface or to an edge of the samples. While meas-
uring different PCs below transition temperature T the
various shapes of dV/dl were observed. They are shown in
Fig. 5 for several PCs. Let us consider peculiarities of
dv/dl (V) in Fig. 5. Some of them are supposed to be due
to Andreev reflection effect. These are the double dV/dl
minima at energies roughly corresponding to the SC ener-
gy gap. These features are visible in two upper dV/dI char-
acteristics shown in Fig. 5. The position of the dV/dl min-
ima appear to be in the range between 5 and 15 meV for
different PCs. Whereas two lower PCs in Fig. 5 are pre-
sumably in the thermal limit of the current flow and their
dv/dl shape is caused by the bulk resistivity and thermal
effects as mentioned in [14] for compound with x = 0.25.
The middle curve shows the shallow AR-like minima
around V = 0 followed by spikes, while its further behavior
is similar to that of two bottom curves at large bias. That is
this spectrum looks like transitional one between the upper
and the lower spectra. The much larger change of the dif-
ferential resistance for two lower dV/dl also confirms the
realization of the thermal regime for these PCs. We should
also mention that unlike the system with x = 0.25 investi-
gated earlier [14], where the local T, in PCs had a large
dispersion, i.e., from 10 K up to 20 K and higher, the actu-
al samples showed a rather stable local T, being around
30 K. Also the dV/dI curves of the samples with x = 0.35
did not display a pronounced Kondo-like shape above T,
as some of those of the specimen with x = 0.25. All this
points to a better homogeneity and quality of the investi-
gated samples with x = 0.35 at least on the surface.

The necessary condition for receiving of the spectro-
scopic information from the PC data (among them is the
SC gap) is the fulfilment of the spectroscopic (nonthermal)
regime of the current flow through PC [18]. In this case the
size (diameter d) of PCs should be less than inelastic mean
free path I; of electrons and an additional requirement
d <& for PCs (& is the coherence length) is desirable to
prevent the variation of the order parameter (SC gap) in the
PC core. As we mentioned in [14], the elastic electronic
mean-free path in Baj_yNayxFepAs, is small (to be about
10 nm) and the coherence length £ amounts to only 2 nm
in the isostructural system Baj_yKyFexAs; [19]. Evalua-
tion of the typical PC diameter for investigated PCs, as
made in [14], gives for the PC size values between 2 and
200 nm for the PC resistances from 1 to 110 Q. Thus, only
for very high-ohmic PCs the ballistic (spectroscopic) re-
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gime can be realized. Therefore, we suppose the possibility
of the diffusive regime for low-ohmic PCs at small voltage
biases. Another criterion of the spectral regime is the ob-
servation of AR-like features in the dVv/dI(V) curves in the
SC state.

One of the main tasks at the interpretation of PC data in
systems with very short electronic lengths is the separation
of the “thermal” features from the spectral ones. It is com-
monly known that in the thermal regime I; «d the tem-
perature inside PC increases with the bias voltage accord-
ing to the Kohlrausch relation [18,20]:

Toc = Team +V 2/4Ly, (3)

where Tpc is the temperature in the PC core, Thath is the
temperature of the bath and L, is the Lorentz number
(Ly = 2.45.1078 V2/K2). In this case, the shape of I(V)
characteristic for PC is determined by the bulk resistivity
p(T) according to Kulik's thermal model [20,21] as:

1

dx

I(V)=Vd [ —————. 4
'([P(TPC V1-x%)

First, we have calculated dVv/dI(V) according to Eq. (4)
for several PCs in the thermal regime within this model
using the temperature dependence of the bulk resistivity
p(T) from [15] for the investigated system. The obtained
result for one of PC (left inset in Fig. 6) demonstrates the
good qualitative and quantitative correlation with experi-
mental data in the bias region above the SC peculiarities.
This proves the realization of the thermal regime. For this
calculation we used the following parameters: the residual
resistivity pgc ~80 uQ2-cm, d =140 nm, L =2.8 Lo. Note,
that the Lorentz number L is larger than the standard val-
ue. An enhanced L may be due to the additional contribu-
tion of phonons to the thermal conductivity of PC through
electrically nonconductive osculant surfaces.

We should note that measured dV/dI(V) characteristics of
the investigated compound are asymmetric having larger
dV/d1(V) values for the positive bias. The similar asymmetry
was also reported in [14] for the samples with x = 0.25. In
Fig. 6, we present the antisymmetric part of dv/dI(V)* =
=R%V) for the PC from Fig. 5. The calculated R%(V)
demonstrates a broad maximum at about 70-80 mV. Quali-
tatively, the shape of the latter corresponds well to the tem-
perature dependence of the thermopower S(T) measured for
the isostructural compound Bag 7Kg 3Fe2Asy [22] (see right
inset in Fig. 6). This fact points out to that the PCs at high
bias are certainly in the thermal regime while at the low bias
the spectral regime is possible. Detail analysis of the thermal
regime is given in [14] for the sample with x = 0.25.

Let's turn to dV/dI(V) curves with AR-like shape shown
on Fig. 5. Figure 7 presents the temperature measurements of
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Fig. 5. (Color online) dVv/dI(V) curves displaying the SC features
(deep minima) around zero-bias for the PCs with different re-
sistance R (R is measured just above the SC minimum at
V > Ale)). The change AR = (R(V = 100 mV) — R(V = 0))/R(V = 0)
of the PC resistance is shown in per cents for each PC. The curves
are shifted for the clarity.

the dv/dI(V) in a wide temperature range. Two curves meas-
ured at lowest and highest temperature in a wide voltage
range are shown separately in the inset. Like in the case of
compounds with x = 0.25 [14], the dV/dI(V) curves possess a
pronounced asymmetry and display high-bias maxima (here
at about + 100 mV). Besides, at the lowest temperatures
dv/di(V) displays zero-bias minima, which are likely due to
Andreev reflection. At the temperature rise they transform to
a single minimum with the decrease of its amplitude. Finally
it vanishes above 25 K, what is close to T, of the bulk sam-
ple for x = 0.35. Calculation of the SC gap using convention-
al BTK fit procedure [5] results in A = 3.7 meV for this PC
and the reduced gap value 2A/kgT, = 2.8-3.4 if we take T
in the range 25-30 K, where the dip minimum in dV/dl on
in Fig. 7 disappears. Remind, that above we paid attention
that this PC may be affected by heating with voltage increase
and the developed peaks around + 10 mV may influence the
gap determination.
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Fig. 6. (Color online) Calculated antisymmetric part dV/dI(V)a =
=100 R(V > 0) - R(V < 0))/2R(V = 0) of PC from Fig. 5withR =
40 Q at two different temperatures 4.5 and 30 K. Right inset:
Temperature  dependence of the thermopower S in
Bag.7Ko.3FesAs;y [22]. Left inset: Symmetrized dVv/dI(V) for the
PC with R =1.8 Q (points) from Fig. 5 measured at T = 4.5 K
along with the calculated dVv/dI(V) according to Eq. (4) (solid
line). To fit the position of the maxima we used an enhanced
Lorenz number L = 2.8L in the calculation.

So, we have carried out similar procedure (fit) for a PC
(Ry =75 Q) from Fig. 5 with more pronounced AR mini-
ma. The results are shown in Fig. 8. For this PC A = 6 meV
is larger and the reduced gap value 2A/kgT, = 4.7, where T,
is taken from the BCS curve in Fig. 8, because this PC has
not survived the temperature increase above 20 K. The re-
duced gap value estimated from the BTK fit using the local
T, in other PCs results in average to 2A/kgT, = 3.6 + 1. As
we mentioned above for the compound with x = 0.25 the
larger value 2A/kgT, =~ 6 was found. So, the difference be-

V, mV

Fig. 7. (Color online) dv/di(V) curves measured for the
Bag.65K0.3Fe2Asp —Cu PC from Fig. 5 with R = 40 © at various
temperatures. The curves, except the bottom one, are shifted for
better vizualization. Inset: dV/dl of this PC recorded in a wider
bias range for the lowest (4.5 K) and highest (30 K) temperature.
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Fig. 8. (Color online). Temperature dependence of the SC gaps A,
broadening parameters T, barrier strengths Z and scaling factor
(ScF) (see Appendix in Ref. [23] to learn the meaning of these
parameters) received from the BTK fit for the PC (R = 75 Q)
from Fig. 5. Solid line is BCS-like curve (a). Examples of the
symmetrized experimental dV/dl (circles) and calculated ones
(lines) within the BTK model [5] for several temperatures (b).

tween these two compounds is that for sample with x = 0.25
superconductivity coexist with spin-density wave order.

The obtained coupling strength values correspond well
to those 2A/kgT, = 2.5-4 for another hole-doped system
from this family Bag 55Ko.45Fe2Asy measured by the same
PCAR technique in [12]. Besides, the lower value of
2A/gT, = 2.0-2.6 is extracted for the similar system
Bap 6Ko.4Fe2As; by PC study in [13]. At the same time, the
gap value obtained from ARPES measurements [15] for
the compound with the highest T¢ (x = 0.4) is maximal
(around 10.5 meV) for the inner T" barrel and minimal
(around 3 meV) for the outer T" barrel. However, as in the
case of sample with x = 0.25, we could not resolve une-
quivocally the second gap features. Probably, due to short
mean free path of electrons caused by strong elastic scat-
tering we measure some averaged gap by PCs or, it is not
excluded, merging of small and large gaps. Also scanning
tunneling spectroscopy measurements [24] carried out on
similar compound Srg 75Kg 25Fe2As; resolved only one
gap, which variates by 16% on a 3 nm length scale, with
average 2A/kgT¢ = 3.6.
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4, Conclusions

PC studies of Josephson effect and Andreev reflec-
tion were carried out on the iron-based superconductor
Bai_xNayFexAsy with x = 0.35 and 0.25. We succeed to
detect and study the ac Josephson effect in PCs between
Bai_xNayFeoAsy crystals and counterelectrodes from Pb,
Ta, and Nb. Correspondence of the distance between
Shapiro steps to the relation 2eV =#%w® and observed
critical current dependence on the microwave power
(ScS with of Pb) support the presence of the s-wave sin-
glet pairing symmetry in this new superconductor.

Analysis of the measured PC dV/dl spectra with An-
dreev-reflection features shows that at small biases the diffu-
sive regime of the current flow realizes, whereas at the fur-
ther bias increase the transition to the thermal regime in PCs
occurs. In the latter case the shape of dV/dl is defined by the
specific resistivity p(T) of the investigated sample and the
noticed asymmetry of the PC spectra is influenced by the
thermopower S(T) behavior. In the spectroscopic regime far
below T, it was possible to detect AR-like zero-bias minima
in the range + (5-15) mV. Applying of the BTK fit gives
the reasonable values of 2A/kgT, = 3.6 & 1. The features on
dVv/dl which could be due to the manifestation of the second
SC gap appeared very seldom and were not reproducible.
This do not allow us to make a detailed numeric analysis of
the second SC gap.
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