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Josephson effect in FeSe point contacts
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The paper presents the results of studies of PbIn/FeSe and FeSe/FeSe Josephson point contacts tuned in helium
with critical currents /c(4.2K) = 1.80—0.43mA and characteristic voltages Vc(4.2K) = 0.057—0.144 mV. The
dependences of V¢ of contacts on temperature 7 and the dependences of the amplitudes of the current steps
on the current-voltage characteristics on the power of electromagnetic radiation Pyw with a frequency of 8 GHz
were measured. The V¢ (T) dependences were well approximated by the known models of SS'S, SIS contacts.
The dependences of the amplitudes of the first steps of the contact current on Pyw were described by a resistive
model with a current proportional to sin(¢) with a normalized frequency of microwave radiation found from the
oscillation period of the current steps. The obtained results unambiguously indicated the usual s — symmetry of

the order parameters in the FeSe bands
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1. Introduction
FeSe — is the simplest in structure and probably the
most unusual superconductor by its properties in the family
of iron-based superconductors [1-5]. The current research
methods found many characteristics of this multiband metal.
Study of Shubnikov—de Haas [6] oscillations, ARPES [7],
temperature dependences of heat capacity [8], penetration
depth of magnetic field [9], data of tunnel spectroscopy
and Andreev reflection [10-14], temperature dependences
of critical magnetic field Hco(T) [15,16] revealed the
main characteristics of superconducting and normal FeSe
states.  Theoretical calculations correlate well with the
measurements. At the same time the coupling interaction
and order parameter (OP) symmetry closely related to it,
despite many experimental and theoretical studies, have not
yet been established. The possible OP symmetries consi-
dered were standard s, d, mixed symmetries s +d, s + id.
Currently the most probable OP symmetry of FeSe is s+ —
symmetry related to coupling spin fluctuations [17-20]. This
symmetry suggests different OP signs (phase difference is
equal to 1) in the bands that participate in formation of
a superconducting condensate. Experimental estimates of
FeSe OP symmetry did not allow this characteristic to be
unambiguously determined.

OP symmetry is closely related to interband interaction
of superconducting condensates reflecting as well on the
dependences of energy gaps and critical magnetic fields of
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bands on temperature [9,11-15]. Study of the penetration
depth of the magnetic field [9] and tunnel measure-
ments [11-13], have shown practically complete absence
or very weak interband interaction in FeSe, therefore, a
conclusion on ordinary s-OP symmetries in the bands
follows. At the same time, measurements of temperature
dependences of energy gaps A;2(T) in paper [14] and
temperature dependences Hca(T) [15] in the magnetic field
of various orientation with induction to 38 T at temperatures
of down to T/Tc =~ 0.4 demonstrated that the obtained
results are approximated by theoretical dependences within
a two-band isotropic model within a pure limit only with
account of noticeable interband scattering. From these
measurements it follows that s+-OP symmetry is also
possible. New information on FeSe OP symmetry may
be provided by measurements sensitive to OP phase. The
only measurable value sensitive to the superconductor OP
phase is the current in the Josephson contact [21], which at
standard s-OP symmetry is directly proportional to the sinus
of OP phase difference of the contact electrodes ¢ [22].
Theoretical estimates have shown that at s+ — OP symme-
try the following is possible: 1) appearance of members
in the current via the contact that are proportionate to
sin(2¢); 2) deviations from the dependences of Josephson
contact characteristic voltage on temperature known for s-
symmetry[23-28].

The first consequence of s+-symmetry must result in
appearance of the brightest feature of Josephson contact
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current — subharmonic steps in CVC in the high-frequency
electromagnetic radiation field [23-28]. Experimental stu-
dies of the Josephson effect in point and planar contacts
with Fe-pnictides of different families have shown, in the
vast majority of experiments, the standart s-OP symmetry
in these compounds [29-39]. Nevertheless, until now
there have been no measurements of Josephson effect
characteristics in contacts with FeSe.

This paper presents the results of Josephson current
studies in the point contacts (PC) adjusted in liquid helium
conventional superconductor PbIn/FeSe (NA — needle-
anvil PC) and FeSe/FeSe contacts in a break junction PC
(BJ) in FeSe crystals. Current-voltage curves (CVC) of
PC were measured with different resistances and critical
currents /¢, dependences of characteristic voltage of PC
Ve =Ic X Ry on temperature (Ry — PC resistance in
normal state), dependences of the first current steps in CVC
(I, n=0,1,2; I,_0=1¢c) on the power of microwave
radiation. The measured dependences were approximated
by suitable theoretical models. The objective of the paper
was to evaluate the FeSe OP symmetry.

2. Experiment procedure

To create PC, we used the same FeSe crystals [40],
as in our paper [14]. Single-crystal FeSe plates with
dimensions of up to 1.2 x 0.7mm? and thicknesses of
0.08—0.03 mm, were obtained by exfoliating of one rela-
tively thick crystal. Critical temperature, width of super-
conducting transition, residual resistance, ratio of resid-
ual resistivity at 300 and 11K were equal accordingly
to Tc =9.2K, ATc = 0.3K (by magnetic susceptibility),
p(11K) =~ 28 uQ2-cm, R(300K)/R(11K)=23. These
values were close to characteristics of best crystals [1,41-43]
and proved high quality of the specimens.

As a conventional superconductor we used, as before,
Pb;_,In, with 7™ = 6.2—6.4K and ATc = 0.1K. Meth-
ods to create PC of needle-anvil type [44] (NA) and contacts
on a break junction (BJ), cryogenic and electronic equip-
ment are described in detail in our publications [14,38,39].
All measurements were carried out in an homemade insert
to a transport He Dewar, making it possible to do measure-
ments in the temperature range of 1.8—10K, to stabilize
the temperature with the precision of 0.01K, to study the
characteristics of the contact in the field of microwave
radiation with frequency of 6—12 GHz. Theoretical models
were adjusted to the measured dependences using curvefit
software.

3. Results and discussion

NA and BJ PCs were created after crystal cooling down
to 1.8—2K. As a rule, at the first touch of the NA PC
electrodes, the critical current was absent, and the resistance
was from several dozens to hundreds of Ohms. As pressure
of the ,needle” (Pb;_,In,) on the crystal increases, the
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PC resistance dropped, and critical current appeared on
the current-voltage curve (CVC) Ic. PC was adjusted
for Ic =~ 0.4—1.8 mA. To create a BJ PC, a FeSe crystal
fixed on a springy base, was first broken, and then the PC
current was adjusted to the required value by variation of the
pressure at the base. To test the Josephson nature, the PC
contact was radiated with high-frequency electromagnetic
radiation. At the same time, current steps appeared on
CVC — this proved that the connection between the PC
electrodes was weak. After checking the stability and
properties of the PC in a microwave field of different power,
the CVC were recorded at a minimum temperature and
with an increase in microwave power, and then with an
increase in temperature from the minimum to the critical in
the absence of microwave radiation.

Typical CVCs for our PCs at different temperatures T
are shown in Figure 1, a, at different powers of microwave
radiation Pyw — in Figure 1, b. Stability of contacts proved
the coinside of CVCs recorded prior to the start of the
change T or Puw, and after the end of the series recording
and return to the initial corresponding values. PC stability
testing was mandatory for any series of measurements.
CVC (Figure 1,b) shows well the change of amplitudes of
the first current steps depending on Pyw.

Recorded CVCs: 1) differed from hyperbolic ones, typical
for the resistive model of Josephson’s contact; 2) were
asymmetrical as a rule +I¢ # —I¢; 3) had a smoothened
transition from V =0 to V # 0, which practically did not
depend on the value of the critical current, temperature and
power of a microwave signal; 4) had low normal resistance
RN ~ 0.05—-0.1; 5) had a small, around 0.1 mV, value of
characteristic voltage Ve = Ic X RN.

Such features of CVCs were noted previously both for
point and planar contacts of relatively large area, where
a weak bond between PC electrodes was provided by
a series of micro-bridges of SNS type, SS'S, SIS'IS...
(here S’ — thin superconducting, N — ,normal“ metal
interlayer between massive S PC electrodes with the critical
temperature T < Tc, length L>>&* (£* — coherence
length in S’ (N) bridge), I — insulator) [45-48]. It should
be noted that there were no features in CVCs associated
with the correlated motion of vortices, the second harmonic
in the I(¢) dependence, and the presence of stimulation of
superconductivity [49].

Typical dependences of the characteristic voltage
Ve = Ic X RN on temperature are shown with symbols for
BJ PC in Figure 2,a, for NA PC in Figure 2,5. Value
Ic was assessed by the crossing point of the straight line
approximating CVC in the range of 20—60uV with y-axis,
RN — by the slope of this line. The sharp difference in the
Ve(T) dependencies for NA and BJ PC is striking.

Dependences Vc(T) BJ PC (Figure 2,a) are very similar
to the corresponding dependences of long ,dirty“ SS'S,
SIS'IS or SNS bridges — narrow conducting N or S’
channels between S electrodes of the contact. In the limit
of ,,dirty” electrodes and bridge material (mean free path [ is
much smaller than the coherence length in electrodes £ and
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Figure 1. Typical CVCs for PCs at different temperatures 7' (a) and powers of microwave radiation Pmw (D).
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Figure 2. Dependences of normalized characteristic voltage on temperature: a) for BJ PC (symbols), lines — result of adjustment in
the model of SS'S contact (Table 1); b) for NA PC (symbols), lines — result of adjustment in the model of SIS contact (Table 2) for
dependences / and 2, for dependence 3 it shows the result of adjustment with a straight line.

bridge £*) de Genne [50] showed that under strict boundary
conditions (there is no suppression of superconductivity in
electrodes) the characteristic voltage for the bridge with
length L > &* in the wide range of temperatures T < Tc:

VC(T):ICXRNocexp{— L>&*.

L
1, 1
ol W
The calculation of V¢ of long bridges (L > £&*) from
Usadel’s microscopic theory for ,dirty“ superconductors
in [21,51-54] refined the de Genne formula. Dependence

Ve(T) for T > T (T. — critical temperature of bridge
material) may be calculated from the following ratios:

2mkpTe ., L [ L} .

= V  —exp|l——|; L>¢&%, 2
; P (2)

32T A2

eT¢  [akpT + A* + /28 (wkpT + A7)

Ve

V*

T 2 T
A* = \/(mkpT)? + A2, &* _g\/TC [1 + %ln_l T—C}

Physics of the Solid State, 2025, Vol. 67, No. 5



Josephson effect in FeSe point contacts

In formulaec (2) T¢, A and & — critical temperature,
energy gap and coherence length in PC electrodes, e —
electron charge, kg — Boltzmann constant. Despite the

multi-band nature of FeSe and the lack of consideration
of interband scattering in this model, we try to use
formulae (2) to approximate the dependences we measured.
Energy gaps and critical temperature of FeSe, in accordance
with our measurements, are equal to: A; =2.06meV,
Ay, = 0.68meV, Tc = 9.2K [14]. Let us take the following
as variable parameters: critical temperature T, ratio
of bridge length to coherence length of FeSe L/& and
coefficient g — ratio of theoretical characteristic voltage to
experimental one. Introduction of coefficient g is related to
the fact that characteristic voltage of Josephson’s contacts
with electrodes from Fe-based superconductors is sub-
stantially lower than value kpTc, specific for conventional
superconductors [28-38]. The reasons for such phenomenon
have not yet been finalized. Variable values obtained from
approximation of dependences V¢ (7T') for two different PCs
are provided in Table 1.

The dependences V¢ (T) produced from approximation
are shown in Figure 2,a with the lines. You can see
that in the adjustment to the narrow temperature range
Tc > T > T/ = 5K the calculated dependence reproduced
the experimental one well. As the temperature range
expanded to 24K, the approximation accuracy remained
acceptable.  Substitution in formulae (2) of A; for A,
resulted only in the change of the ratio L/£, not affecting
the approximation accuracy.

Dependences Vc(T) NA PC differed by high diversity
(Figure 2,b): the shape of the measured dependences
varied from a convex to a straight line. The straight
line of dependence Vc(T) near the critical temperature
(Tc—T) < Tc is specified for classic SIS structures and
micro-bridges with L~ 0 [21,22,54,55], where Vc(T) is
proportional to the product of energy gaps of PC elec-
trodes A;(T)Ay(T) « (Tc—T) [54,55]. For one of our
PCs Vc(T) «x (Tc—T) in the entire measurement range
(dependence 3 of Figure 2,b) is up to T =0.37T¢.
Such dependences Vc(T) were noted previously for planar
contacts, too [29,56]. There is no theoretical model causing
linear dependence V(7)) in the wide temperature range.

Dependences I and 2 in Figure 2,5 are closer to de-
pendence of Ambegaokar—Baratoff [55] for tunnel contacts.
We will try to use this model with account of a two-zone
nature of FeSe. Current from Pbln (Appi, = 0.98 meV) goes
to zone I (A; =2.06meV) and zone 2 (A; = 0.62meV)
FeSe. Full current of PC I is equal to the sum of currents
in 7 and 2 FeSe zone. Such model of Josephson’s contact is
considered in paper [57]:

Rni1RN2
Ie =1Ici +Icy; Ry = —NN2
C Cl1 C2 N RN1+RN2
Ve(T) = IRN(T) = TetRnt (T) —— + IeaRya (T) —2—
C = ICAAN = LC14AN1 1+a C21AN2 1+aa
R
q = N (3)

- k)
Rn2
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Table 1. Parameters of SS’S contact model
Ne of dependence ,
in Figure 2,a e, K L/ &
242 10.7 0.126
1
5.03 12.5 0.026
5 237 10.3 0.068
5.07 12.0 0.015
Table 2. Variable parameters of SIS contact model
Ne of dependence Pbin
in Figure 2,b a I K 8
1 26.80 6.15 0.209
2 79.39 6.13 0.107
.ﬂkBT
Ic12RN12(T) = AppinAi 2
— 0.5
2 2 2 2 \10-
X Z (@ + Apyr) (@5, +AT,)] 7,
m=—00
W = 2wk T(2m + 1),
where Rni and Ry — resistances of current channels

to zones I and 2 FeSe, A; »(T) — FeSe energy gaps, m —
integer number.

The variable parameters used were @, TG and g,
at the same time it was deemed that Apy,(7) follows
BCS dependence, temperature dependences of FeSe energy
gaps A1,(T) were measured by us previous and differ
from BCS [14]. The result of approximation of depen-
dences 7 and 2 is shown in Figure 2, b with the lines.

Table 2 provides values of adjustable parameters pro-
duced from approximation for two NA PC. Since a > 1,
then FeSe zone with the energy gap A; =2.06meV
practically does not impact the characteristics of contacts.

Figure 3 uses symbols to show dependences of nor-
malized critical current (n = 0) and first steps of current
(n=1,2) on power of microwave radiation i, " (v/Pmw)
in NA and BJ PC. You can see that at certain powers Pyw
the current steps i, were fully suppressed. This proves
the absence of currents of non-Josephson nature in PC.
The measured dependences were approximated with the
ones calculated from the equation of the resistive model
of Josephson’s contact with the superconducting current
Is = I¢sin(p). Calculation of CVC contact reduced to
solving a differential equation [22,58]:

d . .
d—f =1 + i SIn Q7T —sing, (4)
2e 2e
r = (flcRN)t, Q=2xf / (WICRN),
where i and i, — direct and alternating currents, nor-
malized by Ic, T — normalized time, 2 — normalized
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Figure 3. Symbols — measured dependences of critical current
(n=0) and the first steps of current (n =1,2) on power of
microwave radiation i, (v/Pmw) in NA (a) and BJ (b) PC. Depen-
dences calculated according to the formulae of the resistive model
i (i,) are shown in these figures with the lines. Coefficient k
matches the measured and calculated dependences.

frequency of electromagnet radiation f. The solution to
this equation is the dependence ¢(7) and normalized to V¢
direct voltage v, equal to the time-averaged oscillations
of Josephson’s alternating current v = (do/d7)(i), i.e.
normalized CVC. At i, > 0in CVC at v = n€2 current steps
occurred, the amplitude of which i (i,.) (n =0, 1,2, ...)
was determined by value i,.

In equation (4) the only value to be found from the mea-
sured characteristics of PC, is the normalized frequency €2,
related to the characteristic voltage of contact V. Study of
the Josephson’s contacts with the electrodes from iron-based
superconductors [38,39] showed that the standard method
for definition of V¢ according to CVC does not work.
The accurate value €2 may easily be determined from
the normalized periods of oscillations n, = (i,<12>—i21>) / ii,l)
(n=0,1,2) of the first steps of current in the field of
microwave radiation [59,60]. i,(ll) and iﬁz) in this formula
are the first and second minima on the dependence of n-
th current step i, " (v/Pmw). The relationship 1, with Q for
the first current steps of CVC, following from the RSJ model
with Is = I¢sin(@), was calculated in paper [59]. In pa-
per [60] the calculated dependences were approximated by
polynomials making it possible to easily find Q(n,) for steps
with n =0, 1,2 with accuracy of ~ 1%. This method
works for Josephson’s contacts of any type, regardless of
the shape and features of CVC. For the dependences shown
by symbols in Figure 3, 2 = 0.114 and 0.27.

The calculated dependences i (ki,.) were shown in
Figure 3 with the lines. Coeflicient k was selected so that
for the first current step the first minima of oscillations

i (11) coincided. You can see that the periods of measured

and calculated dependences coincide well. This proves the
applicability of the resistive model of PC with I's = I¢ sin(@)
for CVC description in the field of microwave radiation.
The proportionality of superconducting current of contacts
sin(¢) confirms the regular, s-symmetry of OP in FeSe.

4. Conclusion

Stable Josephson’s point contacts PbIn/FeSe (NA) and
FeSe/FeSe (BJ) were created. Current-voltage curves of
all obtained PCs were noticeably different from those
calculated from the resistive model. Dependences of
the characteristic voltage of contacts V(T) = IcRn on
temperature and dependences of amplitudes of current steps
in CVC in the field of microwave radiation on radiation
power I,(Pmw) (n=0,1,2) were measured. It was
shown that NA PCs had the structure close to the tunnel
superconductor—insulator—superconductor (SIS), and BJ
PCs — the structure of the bridge SS’S with length
of L>> &* (coherence lengths in S’ layer). Oscillations
of current steps in CVC were described well with the
resistive model of PC with Josephson’s current, proportional
to sin(¢). Approximations of all measured dependences
(qualitatively) are possible using well-known models. The
obtained results indicate ordinary s (s**)-symmetry of
order parameter FeSe.
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