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Probing the current-phase relation
in Josephson point-contact
junctions between Pbg ¢

Ing.4 and Bag 6Ko.4(FeAs),
superconductors

Valeriy A. Stepanov?, Chengtian Lin?*, Renato S. Gonnelli* & Mauro Tortello3*

The Josephson effect in point contacts between an “ordinary” superconductor Pbg glng 4 (Tc ~ 6.6 K)
and single crystals of the Fe-based superconductor Bag ¢Ko.4(FeAs); (T, ~ 38.5K), was investigated.
In order to shed light on the order parameter symmetry of Bag.¢Ko.4(FeAs),, the dependence of

the Josephson supercurrent /s on the temperature and on sin(dg) withd = 1, 2 was studied. The
dependencies of the critical current on temperature I (T) and of the amplitudes of the first current
steps of the current-voltage characteristic iy ¥ (+/P)(n = 0, 1, 2) on the power of microwave radiation
with frequency f = (1.5 + 8) GHz were measured. It is shown that the dependencies I.(T) are close
to the well-known Ambegaokar-Baratoff (AB) dependence for tunnel contacts between “ordinary”
superconductors and to the dependence calculated by Burmistrova et al. (Phys Rev B 91, 214501
(2015)) for microshorts between an “ordinary” superconductor and a two-band superconductor with
s+ order parameter symmetry at certain values of the transparency of boundaries and thickness

of the transition layer. It is found that the dependencies i; ¥ (+/P) cannot be approximated within

the resistively shunted model using the normalized microwave frequencies 2 = 2z f/(2eV./h) with
characteristic voltages V. = I.Rn, (Ry—normal resistance of the contact) found from the low-voltage
parts of the current-voltage characteristics. The reasons for this failure are discussed and a method is
proposed for accurately determining the value of 2, which takes into account all the features of the
point contact affecting the period of the dependence iy ® (+/P). An analysis of the I.(T) and ig ¥ (+/P)
dependencies shows that the superconducting current of the Josephson contacts under investigation
is proportional to the sin of the phase difference ¢, Is = I.sin(¢). The implications of these results on
the symmetry of the order parameter are also discussed.

Despite the presence of many studies on multiband layered Fe-based superconductors (FeBS), discovered more
than 10 years ago’, the interaction leading to the formation of the pairs has not yet been, up to now, unambigu-
ously proven. The majority of the scientific community considers, however, that the most plausible scenario for
the appearance of high-temperature superconductivity in these compounds is an electronic interband pairing
based on spin fluctuations®. The appearance of this type of interaction is related to the shape and arrangement
of the several hole and electron pockets that form their Fermi surface. In this case, the relatively weak supercon-
ductivity caused by the electron-phonon interaction in individual pockets with the usual s-wave symmetry of the
order parameter (OP) is strongly enhanced by the interband spin fluctuations, that lead to the so-called s+-wave
symmetry of the OP??. It is an isotropic singlet pairing that features different signs of the OP in the electronic,
s— and hole, s+ pockets. In an ideal two-band superconductor with s symmetry, the OP phases in the s—and
s+ pockets should differ by 7. However, in real Fe-based superconductors up to five bands are generally involved
in the s=-wave superconducting coupling: in such systems, the time reversal symmetry can be violated and the
phase difference between the OP of different pockets can be arbitrary*. Theoretical studies of the two-band model
of a superconductor with an s+ symmetry of the OP showed that such a symmetry should affect a number of
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characteristics of the Josephson superconducting current, I; between an “ordinary” , superconductor S and a two-
band one. Indeed, in this case, the S/FeBS Josephson junction (J]) consists of two contacts, a “normal” one, S/s+
with I current, and the so-called -contact, S/s—* with the I~ current that has opposite direction with respect
to I;". The interference of the supercurrents directed against each other leads to (1) the suppression of the total
JJ current I, = I]- — I, (2) a decrease in the critical current I, of the contact, (3) a change in the temperature
dependence of I, and (4) a proportionality of I;, under certain conditions, to sin(2¢)*~'°. This fact gives a strong
support to the idea of trying to determine the OP symmetry in Fe-based superconductors, and the corresponding
pairing interaction, by studying the Josephson effect in these compounds.

A series of experimental works has been devoted to the study of the supercurrent in point-contact (PC) and
planar Josephson junctions of the S/FeBS type'®-?*, which revealed the main features of the Josephson effect in
those structures. However, with the exception of Refs.!>?**?>, the current-phase relationship was not evaluated.
Recent theoretical studies of the supercurrent I; in S/FeBS JJ in the framework of the two-band FeBS model
showed that, for the s symmetry of the order parameter, the supercurrent flowing along the c—axis of FeBS is
proportional to sin(¢) as in ordinary S/S junctions, whereas it is expected to be proportional to sin(2¢) along the
ab plane under certain conditions'®. Also some experimental studies of the pair current of J] between Pby 7Ing 3
and overdoped Bag 4K ¢(FeAs); (T ~ 30 K) qualitatively confirmed this conclusion'>?*. A particular interest in
this type of experiments arises from the fact that it is possible to distinguish between the two types of current-
phase relationships, I; o sin(¢) or I; o sin(2¢), by performing relatively simple experiments that do not require
the creation of multi-contact Josephson structures. For doing these experiments, it is just necessary to study the
oscillations, that is, the changes from the maximum to the minimum value, of the amplitude of the critical current
and of the first few Shapiro steps, I, (n = 0, 1, 2), that appear in the current-voltage characteristic of a JJ under
electromagnetic microwave irradiation, as a function of the radiation power, P'>**?>. The measured dependence

P (v/P) = 1I,(¥/P)/I.(P = 0) can be compared to the calculated one z“’l‘(zac) (iaec ¢ A/P is the current induced
by the microwave signal in the JJ) by using the resistively shunted junction model (RSJ) of the J]J. The period of
the measured oscillations iy, * (+/P) within this model is uniquely determined by the normalized frequency of
the external microwave signal Q = 27 f/(2el.Rn/h), where fis the microwave frequency and Ry is the junction
resistance in the normal state, and by the dependence of I; on the phase difference of the OP in the banks of the
contact?. It is well known that the RS] model leads to noticeably different oscillation periods of the current steps
in the I — V characteristics in case of I; o sin(¢) or I; o sin(2¢), which, in principle, should make it obvious to
determine the I;(¢) dependence. However, as some theoretical studies have reported, in JJs between an ordinary
superconductor and the simplest, two-band FeBS with an s+ symmetry of the order parameter, the current
steps with certain indices n can be weakened and even disappear'®!'!. Furthermore, when taking into account a
larger number of conductive bands in the FeBS, the description of the characteristic current steps becomes even
more complicated®. In this case, the oscillation periods and amplitudes of the current steps are determined by
the difference of the order parameter phase between different bands of the FeBS, and by the interference of the
supercurrents in more than two channels. Therefore, to unambiguously determine the current-phase relat10n hi
I;(¢), it is necessary to make an exact comparlson between the oscillation periods in the experimental iy, (+/P)
and in the one calculated from the RS] model, z‘“ “(iac)- The theoretical oscillation periods have to be determined
from the curves obtained by using the RS]J model solved, obviously, for both I; o sin(¢) and I; o sin(2¢).

In this work, we studied the supercurrent characteristics of Josephson point contacts between an “ordinary”
Pb; _,In superconductor (x = 0.4, T, &~ 6.6 K) and optimally doped Ba; _,K,(FeAs), (x = 0.4, T, = 38.5K) with
current injection mainly along the ab plane, even though injection along the c-axis was investigated as well. We
have studied the dependencies of critical currents on temperature and the dependence of the critical currents
and amplitudes of the first current steps of a number of contacts on the power of electromagnetic microwave
radiation P with frequencies f = (1.5 + 8) GHz at temperatures in the range (1.8 + 4.2) K.

Experimental results

The properties of a JJ are reflected in its current-voltage characteristics (CVC). To record the I — V characteristic,
as a rule, the dc-current I through the contact is set by using a current source and the voltage drop V across it is
measured. In this work, the study of the Josephson effect between an “ordinary” superconductor Pb;_,In, and a
Bay 6Ko.4(FeAs); single crystal was carried out by using point contacts. A scheme of the point contacts with cur-
rent injection along the ab plane and the c axis is shown in Fig. 1a and b, respectively. The device for creating the
PC consisted of a cryogenic insert with a reducer and a differential screw for moving the S electrode (accuracy
of about 10 um per turn of the adjusting screw) and a fixed base for mounting the FeBS crystal.

The microwave (MW) signal was fed to the contact by a cable with an antenna at the end. After cleaning their
surfaces, the S electrode Pbg ¢Ing 4 and single crystal Bag Ko 4(FeAs), were installed in a cryogenic insert at room
temperature at a distance of & (0.1 < 0.2) mm from each other and the device prepared for the measurements
was placed in a cryostat with liquid helium. The PC was tuned by moving the S-electrode at T = 4.2 K. The
Josephson nature of the pair current was checked by the presence of current steps in the I — V characteristic of
the contact when it was irradiated by microwave electromagnetic radiation.

The characteristics of the superconducting transition of the Bag ¢Ko 4(FeAs), crystal used in this work are
shown in Fig. 2. The quality of this crystal corresponds to that of the best known samples?’~**. All measurements
presented in this work were made on this crystal.

No superconducting current was usually observed at the first touch between the two electrodes, due to the
possible presence of oxides on their surface. However, when increasing the pressure, the contact resistance
decreased and a superconducting current I arised, whose value increased with increasing pressure. When the
junction was irradiated by microwaves, the point-contact critical current I, decreased and current steps appeared
intheI — V curve at a contact voltage V,, = nhw,c/2e (n = 1,2,3,...)and w,c = 27f. Ata certain power level,
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Figure 1. Schemes of the point-contacts forming the four-probe electric connections for I — V measurements
in a microwave field P. FeBS single-crystal plate was clamped by In on a foiled glass-fiber plastic substrate. The
movable Pbln § electrode was soldered to copper wire and was pressed to the FeBS plate. A probe current I is
injected into the PC and the voltage drop V across the contact is measured. The microwave signal was supplied
by a cable. (a) Scheme of the PC with current injection along ab plane. (b) PC with current injection along ¢
axis.
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Figure 2. Temperature dependence of the longitudinal resistance R, of the Bag ¢Ko 4(FeAs), single crystal
in the temperature range (4.2 < 280) K. The inset shows the temperature dependence of the magnetic
susceptibility of this sample under cooling in zero magnetic field. R(300 K)/R(40K) = 12, T, = 38.5K,
AT (10% < 90%) = 0.3 K as determined from the magnetic susceptibility.

steps of much lower amplitude were visible at V,,/» = (1/2)(hwqac/2e), corresponding to subharmonics of the
frequency of the microwave signal. Then, as it is expected for a standard JJ, the amplitude of the critical current
and of the current steps oscillated when varying the irradiation power. The critical currents of the studied contacts
were in the range (0.44 = 2.82) mA.

We measured the temperature dependencies of the critical currents in the range T = (1.7 =+ 6.8) K for several
Josephson PCs. The results are shown in Fig. 3. Figure 3a shows the I — V characteristics of one of the PCs at
different temperatures. It can be seen that these characteristics have a noticeable hysteresis (+I. # —I.) and
differ from the hyperbolic-dependent characteristic of the resistively shunted model for a fixed current. The
PC resistance practically did not change during the measurements. In Fig. 3b, the symbols show the measured
dependencies of the normalized critical currents I.(T)/I.(0) versus the normalized temperature T/T, for two
contacts with currents flowing along the ab plane (blue stars, cooling) and along the ¢ axis (red circles, heating).

Figure 4a shows some typical current-voltage characteristics of a Josephson point-contact, labelled No. 1,
between Pby ¢Ing 4 and Bag Ko 4(FeAs),, recorded at increasing microwave power P from zero (CVC 17, attenu-
ation: 100 dB) to a value that almost completely suppresses the critical current I, of the contact (CVC 65, attenu-
ation: 3.1dB). It can be seen that the branches of the I — V curves at positive (+V') and negative (— V) voltages
are symmetrical and almost linear at low bias. It is also worth noticing that some features of the curves are not
described by the RS] model reported in Eq. (1) as, for example, the shape of the CVC and the hysteresis of the
curve 17 (exactly superimposed by curve 98), recorded at zero power, where +I./ — I. & 1.23 or the fact that
the curves near I ~ I, are slightly rounded. At the same time, it is clearly seen that despite the difference in the
shape of the I — V characteristic from the hyperbolic one, which follows from the RS] model?, we can also clearly
observe the oscillations of the amplitude of the current steps corresponding to the harmonics and subharmonics
of the MW signal when the power P is changed. A total of 81 I — V curves were recorded for this PC at different
powers, and the first (CVC 17, zero MW power), and last (CVC 98, zero MW power) curve are practically coin-
cident, thus showing that the characteristics of the junction did not change during the measurement. Symbols
in Fig. 4b and c show the low-voltage part of CVC 17 and part of CVC 32 in the vicinity of the fist current step,
respectively. The thin red line in panel (b) indicates the extrapolation of the low-voltage part of the I — V curve
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Figure 3. (a) I — V characteristics of a Pbg ¢Ing 4/Bag Ko .4(FeAs), point-contact Josephson junction, recorded
in zero magnetic and zero microwave fields at different temperatures. (b) Symbols: measured normalized critical
currents I.(T)/1.(0) as a function of the normalized temperature T/T, for a PC with a current injection along the
ab plane (blue stars) and for a contact with current along the c-axis (red circles). Lines: theoretical dependencies
for (1) an Ambegaokar-Baratoff (AB)*® S/I/S tunnel contact between “ordinary” superconductors (black,

solid), (2) contacts with current injection parallel to the ab plane between an “ordinary” S and a two-band s+
superconductor’® in the case of a direct microshort (solid line, violet) and a tunnel contact (line and crosses,
blue) and (3) for Kulik-Omelyanchuk (KO1) dirty S/S microshorts® (red dashed line).
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Figure 4. (a) Some examples of current-voltage characteristics of the Pbg ¢Ing 4/ Bag 6Ko.4(FeAs),Josephson
point-contact No. 1 recorded at f = 7.6 GHz and different levels of microwave power. The legend reports the
numbers of the I — V characteristics and the relevant attenuation of the microwave power in decibels. Panels
(b) and (c) show the method for measuring the critical current and the amplitude of the current steps. (b)

Initial part of I — V curve 17. The thin straight line shows the extrapolation of the initial part of the I — V
characteristic made for determining the critical current I, of the contact I. = 2.82 mA. (c) Part of curve 32. The
amplitude of the step was determined by the points of intersection of the vertical line passing through the center
of the step with the lines extrapolating the I — V curve.

towards V' = 0, while in panel (c), the red lines indicate the extrapolation of the I — V curve measured closely to
the current step in the region of this step. The critical current I, and the amplitude of the step were determined
by the intersection of these lines with the current axis and with a vertical line drawn along the center of the step,
respectively, which is a standard method for determining the amplitudes of the current steps I, (n = 0,1,2,.. ..

By analyzing in this way all the I — V curves recorded at different power levels, it is possible to extract the
dependence of the amplitude of the current steps I,,(P) normalized to the critical current at zero MW power,
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I.(0), as a function of the square root of the irradiation power VP, thatis:ic? = 1.7 (v/P)/1.(0). The ie? (k+/P)
dependence of the first three current steps (n = 0, 1, 2) of the point contact No 1, typical of all the junctions we
measured, is reported in Fig. 5 as symbols, where k is a scaling constant always necessary for this experimental
geometry in order to account for the unknown coupling between the microwave and the junction. The proper
choice of this scaling constant will be discussed later. We can see that in the PC No.1 the minimum values of the
inP (k~/P) are not zero. Usually, it is difficult to observe the zeroes in the amplitude oscillations of inP (+/P)in the
experiments, since the amplitude of the steps, which depends on P, changes very sharply near the zero values.
Moreover, the reason for this deviation from the standard RS] model may be the presence of higher harmonics
(n > 1) in the superconducting current of the contact (I, ~ 3, I, sin(ng)) or, in the worst case, to a small
(< 10% of I.) superconducting, non-Josephson current which has not disappeared under microwave irradiation.
For all the other junctions studied in this work, the superconducting, non-Josephson current was either absent
or less than 5% of I, as it will be reported later in Table 1.

It is obvious that the suppression of I, and the current steps in the I — V characteristic produced by the micro-
wave signal are not associated with the penetration of Josephson vortices into the contact. This is indicated by
the multiple oscillations of the current steps of in? (/P) in the microwave field. Indeed, the current steps arising
from the motion of magnetic vortices in the contact do not oscillate with increasing P*.

Discussion

Let us try to approximate the measured dependencies I.(T)/I.(0) shown in Fig. 3b (symbols) by known models.
In this figure, the lines show the calculated normalized dependencies according to: (1) Ambegaokar-Baratoff
(AB) theory® for a tunnel contact between “ordinary” superconductors S/I/S (I-insulator layer) (black, solid)
and (2) Burmistrova et al.'”> model (Fig. 11 (c) of Ref.’®) for a contact between an “ordinary” superconductor S
and a two-band superconductor with s+ OP symmetry with a current injection parallel to the ab plane in the
case of a microshort (N = 0 - where N is the number of insulating layers between the S and s+ superconduc-
tors) (solid line, violet), which are the model curves closest to the measured dependencies. For comparison we
also show the Kulik-Omelyanchuk dependence for a “dirty” §/S microshort (KO1)*” (red, dashed) and the one
by Burmistrova et al.'® for a tunnel S/I/s+ contact with ab current direction (N = 3) (blu line + symbol). It
can be seen that the measured dependencies for an ordinary s symmetry of the OP in FeBS support a tunneling
conductivity in our PC, and for a s# OP symmetry they support the absence of a tunnel barrier in these contacts.
At the same time, the measured dependencies differ significantly from similar dependencies for S/S microshorts
in the “dirty” limit (KO1)*” and this is even more true for microshorts in the “clean” limit (KO2)*. Note that the
values of the Josephson junction parameters for the dependencies calculated by Burmistrova et al. lead to the
sin(¢) proportionality of the Josephson current both for the microshort and for the tunnel contact with ¢= 0 or
7 (Fig. 7 of Ref.’®). Nevertheless, the shape of the low-voltage part of the I — V characteristics of all measured
PCs is more typical of microshorts than of tunnel contacts, in accordance to what is generally expected for point
contacts, that are usually modeled as weak links. For a §/s= contact perpendicular to the ab plane (c— or z-axis
contact), I, is always proportional to sin(¢). The critical current of the tunnel contacts S/I/s+ flowing both
in the ab plane and along the ¢ axis decreases with temperature more smoothly than what expected from AB
theory for the S/I/S tunnel contact. Thus, the results of the measurements of I.(T) seem to be compatible with
asin ¢ dependence of the superconducting Josephson current in the Pby ¢Ing 4/Bag 6Ko 4 (FeAs), PCs studied by
us, regardless of the direction and type of contact. It is worth noticing here that interesting deviations from the
Ambegaokar-Baratoff behavior are predicted in the case of junctions between two identical FeBS*’. However, (1)
our junctions are of the S/s=% type and not of s = /s+ one and (2) the apparent similarity with the AB behavior
shown in Fig. 3b should be considered accidental because, as already mentioned, the point-contact nature of the
junction and the low voltage part of the I — V characteristic, indicate a microshort nature of our contacts, that
is quite well represented by the curve by Burmistrova et al.' for the case N = 0.

To really distinguish whether the superconducting Josephson current I, is proportional to sin ¢ or sin(2¢), it is
necessary to measure several oscillations of the amplitude of the first three current steps if,xp («/13) n=0,1,2"%in
the current-voltage characteristics, in order to find the coeflicient k that accounts for the microwave power loss,
and compare the oscillation periods of the iy (k+/P) thus obtained, with those of the calculated dependencies
i;“k(im), for both current-phase relationships I o sin(¢) and I; o sin(2¢). For calculating the corresponding
dependencies, we solved the differential equation of the RS] model without the terms taking into account the
effect of noise, capacitance and inductance?. Within this approximation, the contact is represented as an ideal
Josephson junction, through which only the supercurrent I; = I, sin(dy) (d = 1, 2) flows, and the ohmic resist-
ance, Ry is connected in parallel to the JJ. The calculation of the contact I — V characteristic is reduced to solving
a relatively simple differential equation***:

d
d—(p =i+ ige sin Q1 — sin(dy), d = 1,2
T
2e 2e @
r=( LRy )t @=2nf/( TLRy

where i is the dc-current normalized to I, ¢ is the phase difference of the order parameter in the Josephson
junction electrodes, 7 is the normalized time. When solving this equation, the constant i and alternating i, cur-
rents were set, ¢ (7) was found, and the constant voltage v, normalized to I.Ry was equal to the time-averaged
oscillations (dg/dt). The result is a normalized I — V characteristic v(i). Further processing of the calculated
current-voltage characteristics allowed us to obtain the desired normalized current dependencies, ifq“l”(iac),
(n = 0,1,2). The calculated dependencies were compared with the corresponding measured dependencies
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Figure 5. Symbols: experimental dependencies of the normalized critical current and amplitudes of the first
current steps for PC No. 1, plotted as if,xP(k«/TJ) = I,(kv/P)/I.(P = 0) (n = 0, 1,2). Lines: approximation

of experimental dependencies obtained from the RS] Eq. (1) with Qyac = 0.35. The solid blue one has been
obtained for the current-phase relationship I; = I, sin(¢), the dashed black one for Iy = I, sin(2¢). The x-axis
for the dependencies P (k+/P) and if,“IE % (hi,.) was rescaled so that the first minima of ifo (k+/P) and
iiak_z‘p (hige) coincide with the first minimum of i‘{“ "% (i4c). The coefficients k = 3.83 and h = 1.18 were found
for these two cases.

iixP(kﬁ) by selecting the coefficient k, which multiplies /P, so that the first minima of the calculated and
measured oscillations of the first current step, i; coincide. The coefficient k takes into account the power loss of the
microwave signal in the cable and in the path between the antenna and the point contact. This procedure made
it possible to find the i, current induced in the point contact. In order to calculate ifflc (iac) from the RSJ Eq. (1),
it is necessary to know the normalized frequency of the microwave radiation, 2 whose value is determined by
the characteristic Josephson junction voltage V. = I.Ry, the only characteristic parameter of the junction that
has to be found in order to fit the period of the measured dependence iy, (k+/P). Usually, V. is determined from
the junction current-voltage characteristic by assuming that I. is not affected by noise, while Ry can be obtained
either by suppressing the superconductivity in the contact by applying a magnetic field, or by looking at the
linear part of the I — V' curve at voltages of the order of the sum of the energy gaps of the contact electrodes.
For our type of junctions, V & 2(Appr, + Apakreas)/€ & 20 mV, where Appr, and Ap,kreas are the energy gaps
of the two electrodes. Here, none of these methods is viable due to the high critical magnetic field of Bag ¢Ko 4
(FeAs),, which exceeds 30 T*! in the first case, and because at V > 100uV, the I — V curves start changing
because of heating, in the second. Thus, as it has also been done in the works published previously'>'*%, as a
first approximation, the I and Ry of the studied point contacts were determined only from the initial part of the
current-voltage characteristic. For example, from the right branch of the CVC 17 of the junction No. 1 it follows
that I, = 2.82mA, Ry = 0.016 Q2 and V. = 45.1 V. It is worth noticing that the value obtained in this way for V,
differs by more than two orders of magnitude from the corresponding characteristics of the Josephson junctions
in ordinary superconductors?. The value of the normalized frequency of electromagnetic radiation reported in
Eq. (1), and obtained from the low-voltage portion of the I — V curve is denoted by Qyac = Vy=1/V, = 0.35,
where V,—; is the voltage at which the first current step occurs. For Josephson junctions between ordinary
superconductors that feature a current-voltage characteristic of hyperbolic shape, V. and its corresponding
are ideally determined by the energy gaps of the electrodes. Since in our case, App, << ApaKFeas, the value of
Vo is approximately equal to*:
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No. | +I(uA) |+I/—1I. |RN(R) |+Vc(uV) |Lion—j/Ic |Rvac |m | Ry | |f(GHz) | Notes

1 2820 1.23 0.016 45.1 < 10% 0.35 028 |0.15 [0.34 |7.6 Qyac ~ Qy
2 1830 1.095 0.0057 |10.43 <7% 1.32 042 025 |0.6 6.68 c-axis

3 1390 1.97 0.0055 | 7.65 < 5% 0.51 049 033 |0.84 |191

4 1270 1.02 0.014 17.78 < 3% 0.60 048 |0.31 |0.8 5.15

5 1050 0.88 0.046 48.3 0 0.33 036 |0.22 |0.5 7.6

6 658 1.39 0.1 65.8 < 5% 0.24 041 |0.25 |0.6 7.6 Qyac ~ Qy
7 508 1.03 0.33 167.6 0 0.09 029 |0.16 |0.34 |7.6

8 440 0.97 0.08 35.2 < 3% 0.45 0.68 | 0.6 - 7.6

Table 1. Summary of the main characteristics of the point-contact Josephson junctions studied in this work.
I. is the critical current of the contact, Ry its resistance, determined from the low-voltage part of I — V curve,
V. = I Ry is the characteristic voltage of the junction, I;o,—j /I is the percentage of the superconducting non-
Josephson current, Qvac the normalized frequency of the microwave radiation as determined directly from the
current-voltage characteristic. 1, Q, and 5, which are shown in Fig. 6, are the normalized oscillation period
of the first current step and the normalized frequencies of the microwave radiation, found from the oscillation
periods of the first current steps for the two different I;(¢) relationships, respectively. For contact No. 8 there is
no intersection between 1y and Q4.

i

0.28

0.1 0 1

Figure 6. Dependencies of the normalized oscillation period of the first current step 1 (2) = (i iz) —i il)) /i il)
on the I — V characteristic as a function of the normalized frequency, €2. ;" and i;” are the first and second
minimum in the amplitude dependence of the first current step, calculated from Eq. (1). Red dashed line: n, (£2)
dependence calculated by Likharev* for Iy = I, sin(¢). Violet squares and red circles: 1 (2) for I; = I, sin(¢p)
and I; = I, sin(2¢) calculated in this work, respectively. Solid blue line: approximations of the values indicated
by the red circles. For point contact No. 1 we obtained ; = 0.28, which corresponds to 2, = 0.15and

Q, = 0.34.

~ APbIn ln4ABaKFeAs
e Apbin

Veo (2)

The energy gaps of PbgeIng4and Bag Ko 4(FeAs),are Appr, = 0.62meV* and Apykpeas = 6 and 12meV,
respectively*#*°. In a point contact between these two superconductors, the value V¢ & (2.3 — 2.7) mV, tenta-
tively obtained from Eq. (2), exceeds the characteristic voltage of the real junction by more than two orders of
magnitude. This can be explained by the fact that, in case of s&= symmetry of the order parameter in the FeBS
electrode, the V, value of the contact can significantly differ from Vo, because the interference between the
supercurrents flowing in the Fermi pockets with opposite sign of the order parameter reduces the total Josephson
current of the point contact, Iy = I — I;_. Therefore, to obtain a noticeable I, in the contact, it is necessary to
reduce its resistance Ry and, as a consequence, this leads to low values of V. It is interesting to note that V. of
the order of several tens of 4V are typical in Josephson junctions between ordinary superconductors and those
with unusual pairing like cuprates*?, and FeBS'>'¢->*. On the other hand, however, small values of V, are not a
clear evidence for the s& symmetry of the order parameter in Bag Ko 4(FeAs),, because similar values have also
been observed in Josephson junctions between “ordinary” superconductors*.

According to the considerations and estimates reported above, using the V. value obtained from the low-
voltage part of the I — V curve to find the parameter 2 necessary for calculating i (i,.), appears somehow
incorrect. At the same time, however, the oscillations of the Josephson current as a function of the microwave
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power in? (/P) in the case of S/FeBS junctions can be rather accurately approximated by the dependencies
calculated from Eq. (1), at the corresponding choice of the normalized frequency . Therefore, let us try, also
in this case, to describe the oscillations of the current step of the point contact No. 1 by using Qyac = 0.35, as
determined before. We calculated, from Eq. (1) and with this value of Qy4¢, the dependence ifj‘l‘(iac) for both
I, = I sin(¢) and I; = I, sin(2¢), that we call i< ~% (i,e) and i 2 (i), respectivelz. In Fig. 5 by symbols we
show the amplitude dependencies of the first three current steps as a function of /P, inxP (kv/P)(n = 0,1,2)and
bX lines the calculated iy < ? (iac) (solid blue) and iy’ C_zw(iac) (dashed black). The axis x for the dependencies
in P(k«/ﬁ) and iﬁ,“lc_z‘ﬂ (iac) was rescaled so that the first minimum of the curves ifxp(k\/ﬁ) and if“k_zw(iac)
coincides with the first minimum of iy~ ¥ (is). This was achieved by multiplying the x axis of the measured
ioP (kv/P) by the coeflicient k = 3.83. On the other hand, in the case ofi;alc_z‘p (igc), the x axis was multiplied
by h = 1.18. It can be seen that for the first current step (n = 1), the period of the calculated dependence
if“lc*z(o (hig) is close to the period ofifx‘g (k~/P). However, for n = 0 and 2, the periods and/or the positions of
minima of these dependencies differ noticeably from the calculated ones. As for the periods of the calculated
i 7% (ize), the difference from the measured ones is great, for all the three steps. Thus, it is clear that in this case
the power dependencies of the current steps amplitude, calculated by using Qvac, are not able to describe the
experimental results inP (k\/IS), n =0, 1,2. Let us now consider the amplitude of the oscillations: it is evident
that the calculated amplitudes are much higher than the experimental ones, and this is due to the fact that, as it
is well known, the amplitudes of the oscillations depend on the level of the noise signal in the contact, which,
however, does not affect their period®****”. Since we are here interested only in the oscillation period, because it
is this characteristic that is directly connected to the phase dependence of the Josephson superconducting cur-
rent, for the calculations of iﬁl“lc(iac) we solved Eq. (1) without considering the noise current.

It is now worth noticing, after what has just been shown above, that there is a number of studies of Josephson
contacts between “ordinary” and high-temperature superconductors based on Cu or Fe, where it was also not
possible to approximate the oscillations of the current steps as a function of applied microwave power by using the
renormalized frequency €2 obtained from the current-voltage characteristics. In those cases, in order to reproduce
the experimental behavior iy, ? (+/P), the authors handpicked the £ value and the contact capacity?>*. As it has
already been mentioned before, in our case the problems arising in the correct determination of @ = V,,—;/V,,
necessary for approximating the measured dependencies iy, * (+/P) by means of the RS] model, are associated
to a number of deviations of the investigated Josephson point contacts from the ideal behavior and with the
determination of the V. = I.Ry value from the low-voltage part of the I — V curve. In particular they are: (1)
the presence of noise and the consequent errors in the determination of the critical current value I, (2) the
impossibility to have access to the actual value of the contact resistance Ry because of the experimental limita-
tions already discussed before, and (3) the effect of the contact capacitance which affects the oscillation period
of the current steps. The value of the capacity of our point contacts, however, cannot be determined because,
for example, the size and characteristics of the transition layer cannot be estimated. At the same time, almost all
the current-voltage characteristics we measured showed a considerable hysteresis, which can be ascribed to the
presence of a contact capacitance.

The three issues reported above affect the value of €2 and, consequently, the period of the calculated depend-
encies i (i, ). There is a way, however, to bypass these problems and reliably determine whether the current-
phase relationship is of the type I; = I, sin(¢) or I, = I, sin(2¢): Q must be directly determined from the period
of the measured oscillations of the current steps, ie? (\/P), thus automatically accounting for problems (1), (2)
and (3). For accomplishing this task, we consider the work done by Likharev and Semenov and reported in
Ref.*. There, the authors started from the RS] model reported in Eq. (1) with a current-phase relationship of
the type Iy = I, sin(¢), and calculated, as a function of €2, the dependence of the normalized oscillation periods
for several current steps of the current-voltage characteristics, n, = (i~ — in )) /in’ where iy’ and i;;” are the
first and second minimum in the power dependence of the n — th current step i, (is.), respectively. From the
experimental power dependence of the first step, i; * (+/P), reported in Fig. 5, we obtained the value ;" = 0.28.
From the graph reported in Ref.*’, part of which is reproduced in Fig. 6 (squares and dashed line), we were able
to extract the normalized frequency of the microwave radiation as €2, & 0.15. We then calculated the power
dependencies iﬁ,”lc_‘”(iuc) (n = 0,1,2) from Eq. (1) by using the Q, just found and I; = I, sin(¢). The obtained
result, after using k* = 2.76 as the rescaling coefficient for +/P, is reported in Fig. 7 (blue line). It is possible
to notice that, in contrast to what we have shown in Fig. 5, both the periods and the minima of the measured
oscillations, i.” (k+/P) (symbols) coincide for all the three steps with those of the calculated dependencies,
in"* "% (i), reported as blue lines, which proves that the Josephson current-phase relationship in point contact
No. 1 is of the type I; = I sin(p).

Let us also try, however, to approximate the dependencies measured for point contact No. 1, iy (+/P), by using
the RSJ model with Iy = I, sin(2¢). In this case, it is first necessary to determine the corresponding value £2;,.
We thus calculated the current-voltage characteristics from Eq. (1) with Iy = I, sin(2¢) (izc = 0 = 8) for several
values of Q and obtained the dependence of the normalized oscillation period of the first step as a function of €2,
17 (R2), shown in Fig. 6 (circles and corresponding line). For the isP (k*+/P) shown in Fig. 7, with nfx‘v = 0.28 we
obtained 2, = 0.34 (Fig. 6). As it has been done before, the calculated dependencies i =2 (h*igc) were adjusted
to the measured ones (szmbols) by letting coincide the first minima of the first current steps i; for all the three
dependencies ifo , iiuk* and "% with a fitting coefficient #* = 1.15, as shown in Fig. 7 by magenta dashed
lines. The oscillation period i; p(h*\/ﬁ) is reproduced very well but it is clear that the relation Iy = I, sin(2¢)
cannot adequately reproduce the experimental iy, ? (+/P) curves for all the three steps measured in our experiment.

Analogous conclusions and similar results were obtained by studying several other Pbg ¢Ing 4/Bag Ko 4 (FeAs),
point contact Josephson junctions. Table 1 shows the characteristic parameters obtained from the point con-
tacts studied in this paper while the I — V characteristics and the behavior of the current steps as a function of
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iac =Iac/ IC

Figure 7. Fit of the measured oscillations of the current steps of point contact No. 1 (symbols) by means of
the dependencies calculated from the RS] model, reported in Eq. (1), by using 2, = 0.15 (I, = I, sin(¢), solid
blue line) and 5, = 0.34 (I, = I, sin(2¢), dash magenta line). 2, and 5, were determined from the graph
of Fig. 6. The abscissae of graphs P (k*+/P)and i,ﬁal —2 (h*igc) were scaled by the coeflicients k* = 2.76 and
h* = 1.15, respectively, to have the first minimum of all dependencies i; coincident.

microwave power for contacts No. 2 and 4 are reported in the Supplementary Information. The critical current
I. of the contacts was in the range I, &~ (0.44 — 2.82) mA and the resistance Ry ~ (5.5 = 330) mQ. Allthe] — V
characteristics could not be adequately described by the RSJ model, as discussed for point contact No. 1. Let
us note that, even though for point contact No. 1, Qvac & 3, and for No. 6, Qyac ~ Q,, for the first step, the
periods of the experimental dependencies iy, ? (+/P) with (n = 0, 1, 2) of all the junctions could be fitted by the
calculated i~ (higc) dependencies only by using the Q, found from the oscillation period of the first current
step. Therefore, the coincidence of Qvac with Q, or 5, has to be considered accidental. The present results
show that the superconducting currents of the investigated Pbg ¢Ing 4/Bag Ko 4(FeAs), Josephson junctions are
proportional to the sine of the phase difference of the order parameter in the electrodes, Iy = I, sin(¢).

Conclusions

In conclusion, stable point-contact Josephson junctions were obtained between an “ordinary” superconductor S
(S =Pbg ¢Ing 4with critical temperature T, ~ 6.6 K) and the edge (ab-plane contacts) or face (c-axis contacts) of
a single crystal of the optimally doped Fe-based superconductor Bag ¢Ko 4(FeAs),with T, & 38.5 K. The current-
voltage characteristics, critical currents I, contact resistances Ry, dependencies of the point contact critical
currents on temperature I.(T), and amplitude of the first current steps as a function of applied microwave
power were thoroughly investigated at temperatures T = (1.7 = 6.8) K and microwave frequencies in the range
f =~ (1.5 + 8) GHz. It was found that the temperature dependencies of the critical current I (T) for current flow-
ing along the ab plane and along the ¢ direction are close to the well-known Ambegaokar-Baratoftf dependence
for the $/I/S tunnel contact*®(I is the insulator layer) and to the dependence calculated by Burmistrova et al.’®
for microshorts S/s% (s=% is a two-band superconductor with st-wave symmetry of the order parameter) at
certain values of the transparency of boundaries and thickness of the transition layer'>. We showed that the main
experimentally-derived characteristics of the point contacts estimated in the low voltage range of the current-
voltage characteristics (I, Ry, and V,) are not able to properly describe the oscillations of the current steps in
the microwave field, when they are used for calculating these oscillations within the resistively shunted junction
model both using the I, sin(p) and the I, sin(2¢) current-phase relationships for the Josephson supercurrent.
By revisiting an old procedure*’, a new method has been proposed for determining the value of the normalized
frequency of the microwave radiation, Q = 2w f /(2eV,/h) that allows reproducing the behavior of the current
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steps as a function of the microwave power for current-phase relationships of the Josephson current of the type
I; = I sin(dg), d = 1,2. It is well known that the determination of the I;(¢) function can be very important in
unraveling the symmetry of the order parameter and pairing interaction, especially in the case of the st-wave
symmetry. Thus, the method proposed here is capable of unambiguously determining the current-phase rela-
tionship, I;(¢) in Josephson contacts with Fe-based superconductors, bypassing the experimental limitations
in the determination of €2 typical of these materials, and can be effectively employed to study, for example, the
evolution of I;(¢) as a function of doping or chemical substitutions, in order to identify the conditions in which
the symmetry of the order parameter can be more conveniently unveiled.

Not only, the method is more general since it can be applied for any type of current-phase relationship that
can be introduced in Eq. (1) for calculating the normalized oscillation period of the first current step 7, as a
function of the normalized frequency €2, similarly to what is shown in Fig. 6, and thus could be extended also to
other non conventional superconductors.

In the particular case of the optimally doped Bag Ko 4(FeAs), presented here, our analysis allowed to conclude
that the Josephson supercurrent of the investigated junctions is proportional to the sine of the phase difference
of the order parameters in the electrodes, I; = I, sin(¢). Finally, by noticing that the low-voltage shape of all the
investigated current-voltage curves is more typical of microshorts than tunnel contacts (as it is indeed expected
for junctions of the point-contact type), we can say that, according to Ref.’, the behavior of the critical current
as a function of temperature is compatible with a s symmetry of the order parameter. Moreover, the same range
of hopping parameters that give rise to the temperature dependence of the critical current I.(T) that we reported
experimentally, corresponds to a dominant sin(¢)-dependence for the current-phase relationship in the case of
s+ symmetry of the order parameter'?, in agreement with our results.

Methods

Crystals. High-quality homogeneous, single-phase single crystals of Bag ¢Ko 4(FeAs), were grown from pure
elements of Ba, K, Fe, As using FeAs flux and a cold finger positioned above the molten surface. Details are
described in Ref.?’. Separate single-crystal plates with a mirror-like surface, up to 2 x 2 mm in size and up to
several tens of microns thick, were split off from the grown ingot. The quality of single crystals was assessed
using electron microscopy, X-ray diffraction studies, measurements of the composition, as well as measure-
ments of the dependence of resistance and magnetic susceptibility on temperature. The c¢ axis of the crystals
was always perpendicular to the surface of the plates. For our research, we selected a homogeneous single-
phase single crystal with a minimum width of the transition to the superconducting state. The dependencies
of the resistance and magnetic susceptibility of this crystal are shown in Fig. 2. The critical temperature of the
crystal is T, = 38.5K, the width of the transition to the superconducting state (on the magnetic susceptibility
curve) is AT.(10 — 90%) = 0.3 K. The ratio of the resistance at room temperature and T = 40K is R(300 K)
/R(40K) = 12, the resistivity of the crystal p(39K) ~ 40 uQcm. The quality of this crystal corresponds to the
best known samples?’**. All measurements presented in this work were made on this crystal. We chose the
Pb;_,In, polycrystalline alloy (y = 0.4, T, ~ 6.6 K) as the “ordinary” single-band superconductor (S) for the
second electrode of the Josephson junction. It allowed the reproducible production of stable Josephson contacts
with Baj _,K,(FeAs); crystals'>*%. This alloy was made from pieces of pure (> 99.999) metals Pb and In, taken in
the required proportion, according to the technology described in*’. The characteristics of the obtained alloy are
close to those reported in that work.

Point contacts. The supercurrent in the Josephson junctions between Pby gIng 4 and a Bag ¢Ko 4(FeAs); sin-
gle crystal was studied in point contacts tuned at T = (1.8 < 4.2) K. For preparing the PCs, a single-crystal FeBS
plate was clamped by In on a foiled glass-fiber plastic substrate. The movable S electrode was soldered to a cop-
per wire (Fig. 1). For a PC with a current along the ab plane, the FeBS plate was mounted so that the edge of the
crystal was perpendicular to the plane of the substrate (Fig. 1a). For the c-axis contacts, the crystal was rotated
by 90° so that the PbIn-electrode was perpendicular to the ab-surface of the crystal (Fig. 1b). The PbIn-electrode
of the PC in the form of a knife &~ Imm long or a pyramid was cut by a razor from a rectangular plate of Pb; _,
In,*. A “fresh” cut of the working surface of PbIn-electrode was always used to create the PC. The surface of the
FeBS crystal was always cleaved by cracking before the experiments. The electrodes, prepared in this way, were
placed in a cryogenic insert equipped with a differential screw and a gearbox as shown in Fig. 1. The accuracy of
the electrode movement was about 1 um. With such a configuration of the electrodes, the current through the
PC always flowed in the desired direction relative to the axes of the FeBS single crystal. The device prepared for
measurements was placed in a cryostat. The Josephson junction was tuned after cooling to T' = 4.2 K by mov-
ing the S-electrode. The Josephson nature of the pair current was verified by the presence of current steps in the
I — V characteristic of the contact when it was irradiated by a microwave signal.

Current-voltage characteristics. The current-voltage characteristics of the point contacts were recorded
using the standard four-probe scheme with the help of a Keithley 6221 current source and a Keithley 2182 nano-
voltmeter. The sample temperature was continuously measured by a RuO, thermometer. An Agilent E8257D
MW generator was used as the microwave radiation source. The radiation was supplied to the PC via a coax
cable. The microwave signal was matched with the junction using an antenna at the end of the cable. After adjust-
ing and mechanically stabilizing the PC, the current-voltage characteristics were recorded at: (1) increasing
power P of the microwave signal and (2) varying temperature from the minimum to slightly above the critical
temperature of Pby ¢Ing 4. This made it possible to acquire the dependencies of the current steps on power I,,(P)
and of the critical current of the PC on temperature I.(T).
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Calculation of the microwave power dependencies of the amplitudes of the current steps. To

calculate i ™ (ize) (n = 0,1,2; d = 1,2), we used the differential Eq. (1) of the RS] model of the Josephson
contact without the terms taking into account the influence of noise, capacitance and inductance?®*. The solu-
tion of this equation by the Runge-Kutta method was carried out on a multiprocessor cluster. The program was
written in Python®. The solution of this equation at different values of iy, Q2 and d made it possible to obtain
the I — V characteristic of the contacts at the corresponding powers of the microwave signal /P o iz.. Further
processing of the current steps on the calculated I — V characteristics using a MATLAB program allowed us to

quickly obtain the desired normalized current dependencies, iy ¢ (igc), (1 = 0,1,2).
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