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Specific response of superconducting devices to electromagnetic radiation is a core phenomenon for various

applications, ranging from the voltage standard to single photon detectors. One of such effects is the stimulation

of the superconductivity itself by microwaves. In the work, we have investigated the impact of external micro-

wave irradiation on the stair-step current-voltage characteristics of MoRe—Si(W)-MoRe Josephson junctions

arisen due to phase-slip events in the studied samples. At frequencies above a threshold value, we have observed

the stimulation effect that can be explained by a non-equilibrium redistribution of filled energy levels in W clus-

ters. In conclusion, we discuss the main tasks for future research.
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1. Introduction

Microwave-stimulated superconductivity was discove-
red more than fifty years ago first in superconducting (S)
bridges [1] and later in films [2, 3], tunnel junctions [4]
and cylinders [5]. Recently, this effect was shown to im-
prove a quality factor of superconducting Al resonators [6].
The counterintuitive stimulation phenomenon was ex-
plained in the paper by Eliashberg [7] as an impact of the
irradiation-induced redistribution of quasiparticles energies
up from the gap edge. In our work, we have studied an
effect of external microwaves on the stair-step current-
voltage I vs V characteristics of MoRe—Si(W)-MoRe Jo-
sephson junctions whose origin was related to phase-slip
events in the studied samples.

The quantum phase-slip phenomenon is arising in cur-
rent-biased quasi-one-dimensional (1D) and quasi-two-
dimensional (2D) superconducting samples due to quan-
tum fluctuations of the order parameter. This effect can be
understood as a dynamic equivalent of the charge tunnel-
ing through a conventional Josephson junction with weak
links, static in space and time [8]. The paper [9] provides a
detailed overview of experimental and theoretical papers
devoted to the study of the impact of an external micro-
wave field on superconducting channels (thin films,

whiskers, etc.) where an initial homogeneous S state be-
comes unstable. The transition to a spatially inhomogene-
ous state is following by the emergence of inclined current
steps in /- curves for such samples.

It would be interesting to study how the effect of the
microwave irradiation reveals itself in the current-voltage
characteristics of Josephson junctions where S electrodes
are linked with 1D nanoscale wires where superconductivi-
ty can be induced by the superconducting proximity effect.
In general, Josephson junctions are unique physical objects
that allow probing quantum phase coherence and studying
dissipation-driven quantum phase transitions [10]. The pres-
ence of phase-slip centers in 1D wires connecting two su-
perconducting electrodes would generate stepped structure
in the dissipative part of the /(¥) characteristic for a Joseph-
son junction and our aim was to observe experimentally an
influence of microwave irradiation on the structure.

Earlier [11, 12], we fabricated and investigated proper-
ties of appropriate MoRe—Si(W)-MoRe heterostructures
with hybrid barriers formed by a Si semiconductor layer
with W metal nanoclusters. In this paper, we present our
novel results for such devices with 1D metallic W con-
ductors, which are subjected to an external microwave
irradiation, with an emphasis on the effect of the electro-
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magnetic stimulation of a superconducting critical current 7,
that results in the appearance of specific steps in its de-
pendence on the microwave power levels.

2. Experimental technique and results

The fabrication of MoRe—Si(W)-MoRe heterostructures
with hybrid barriers was implemented using the vacuum
equipment based on two vacuum universal posts VUP-5M
produced by SELMI, the former Sumy Electron Microscopes
Plant, Sumy. For the deposition of MoRe films by the magne-
tron method, we used a molybdenum-rhenium target made
from a 0.5 mm thick foil with a 48 % Re—-52 % Mo composi-
tion. The deposition of a silicon layer with tungsten nano-
clusters was realized by making a complex target consisting
of a single-crystal silicon wafer and tungsten wires located on
it; the details can be found in our papers [11, 12].

The films were deposited through shadow masks. The
junction topology is shown in Fig. 1. The bottom MoRe
layer was formed as a 0.3 mm wide track (1). After that, a
thick layer of an isolating Al oxide (2) was deposited on
the MoRe layer along the edge of the track, its aim was to
prevent the current flow through the film ends (1). Next, a
tungsten-doped silicon layer (3) was deposited. The last
one was the top MoRe layer (4), a 0.2 mm wide track by
0.1 mm over the silicon layer. The formation of W nano-
clusters with a size of about 15%50%50 nm were formed
inside a silicon layer that had a thickness of about 15 nm.
Their large size distribution was confirmed by studying a
model Si(W) layer of a greater thickness with an electron

(b)
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Fig. 1. Topology of the in-plane MoRe-Si(W)-MoRe film
heterostructures consisting of MoRe films (1 and 4), an insulating
Al O5 layer (2), and a hybrid Si(W) barrier (3). The panel (b)
shows the device cross-section, the panel (c) demonstrates the

junction schematically.

transmission microscope [11] and a Si(W) layer with an
atomic force microscope [12]. A more advanced technolo-
gy for creating submicron-sized MoRe—doped Si-MoRe
Josephson junctions with a low specific capacitance is de-
scribed in our papers [13, 14].

In this work, we present our measurements of the junc-
tion current-voltage characteristics at the liquid-helium boil-
ing point 7 = 4.2 K in two regimes, without and under the
influence of an external microwave electromagnetic irradia-
tion. A sample holder with a Josephson junction on a dielec-
tric substrate was placed in a cryostat in a direct contact with
liquid helium. The Josephson junction was coupled to mi-
crowave cables using lead antennas, resulting in two sym-
metrical capacitive couplings. Therefore, the studied Joseph-
son junction was connected to a microwave radiation source
in the voltage source mode. The microwave radiation power
was varied by changing the value of the microwave genera-
tor voltage V. Then the power of the microwave signal
entering the heterostructure was estimated proportional to
V2 and normalized to the maximum value VGZ’max. The ob-
tained values P, = Vé’ ! Vé,max for the generator frequency
11 GHz can be found in the caption to Fig. 2(a) and 2(b).

0.5 1.0
I, mA

Fig. 2. General (a) and detailed (b) views of / — V' characteristics
of the MoRe-Si(W)-MoRe heterostructure with an W content
of ~ 9 at. % and a barrier thickness of 15 nm. The samples were
exposed to the microwave irradiation of the 11 GHz frequency at
the relative power levels P, = VG2J. /Vé’maxz P, =0.01, P, = 0.36,
P;=0.46, P, = 0.49, and Ps= 1.0. I-V curves with indices 1, 2,
and 3 were hysteretic.
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Fig. 3. General (a) and detailed (b) views of /-V characteristics
of the MoRe—Si(W)-MoRe heterostructure with an W content
of ~ 9 at. % and a barrier thickness of 15 nm. The samples were
exposed to the microwave irradiation of the 18 GHz frequency at the
relative power levels B=V;,/ Vg 1o Pr=1.610°, P, = 4.0-10%,
P;=5.610" Py =5.0107, Ps=2.6107 Ps= 74107 P;=0.19,
and Pg = 1.0. -V curves with indices 1-7 were hysteretic. The curves
in the part (b) were shifted along the vertical axis.

The dc current-voltage characteristics of the MoRe—
Si(W)-MoRe Josephson junctions were recorded in the
current source mode. The measured /-V curves in the pres-
ence of the external 11 GHz microwave irradiation at vari-
ous power levels P; are shown in Fig. 2.

Figure 3 exhibits /-V curves for the Josephson
MoRe—Si(W)-MoRe junctions in the presence of an exter-
nal microwave irradiation with a frequency of 18 GHz, the
irradiation power levels are indicated in the caption to Fig. 3.

Figure 4 shows general (a) and detailed (b) traces of the
normalized critical current exhibiting phase-slip centers in
the studied junctions versus the normalized voltage of the
microwave generator: squares and circles correspond to the
irradiation frequencies of 18 and 11 GHz, respectively.

It can be seen that the behavior of the studied junctions
differs significantly, namely, at the frequency of 18 GHz
the experimental 7, /I, vs VGZ’i / Vé’max dependence exhi-
bits maximum that is not observed in the related curve
measured at 11 GHz.
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Fig. 4. General (a) and detailed (b) traces of the normalized value
of the critical current exhibiting phase-slip centers in the studied
junctions versus the normalized voltage of the microwave genera-
tor; squares and circles correspond to the irradiation frequencies
of 18 and 11 GHz, respectively.

3. Discussion

Typical W cluster sizes ~15x50x50 nm are less than
the coherence length £ > 100 nm in the MoRe alloy and
beyond the London penetration depth [15]. It means a uni-
form distribution of the charge current density and the or-
der parameter over the cluster cross-section. Hence, the
clusters are quasi-one-dimensional structures (channels),
the formation of magnetic flux vortices in them and, hence,
their effect on the cluster resistivity are impossible. The
paper [16] provides a detailed review of experimental and
theoretical papers devoted to the study of the behavior of
superconducting channels (thin films, whiskers, etc.) under
an external microwave electromagnetic field. It was noted
that tilted current steps arise in the /-V curves of supercon-
ducting channels, with an increase in the microwave radia-
tion power, due to the appearance of phase-slip centers in
the channels. With an increase in the power of the high-
frequency field, the channel resistances R; (i = 1, 2, 3 ...),
determined from the slope of the corresponding initial sec-
tions of the /-V characteristic, changes discretely. We do
observe such behavior in our case (see Figs. 2 and 3).

As is known, the superconductivity stimulation by an
electromagnetic field is possible when its frequency is
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lower than 2A/h, where A is the energy gap of a super-
conductor and higher than t~', where 7 is the relaxation
time of inelastic collisions. Then the distribution function
n(e) of electrons is shifted towards higher energies, which
leads to a stationary non-equilibrium state and an increase
in the energy gap as well as other superconducting charac-
teristics. The change in n(g) will be proportional to the
field intensity £ (for not too large fields) and the relaxa-
tion time of excitations. Using an expression for the lower
frequency boundary of the stimulating effect [16], we find
that for In(8A/Aw) > 1

2myA 2nA
of =2 ___ % (1)

hln(gA) nt, ln(gA]

ho ho

To estimate this value, we choose the inelastic relaxation
time t, =71, the characteristics time found in the experi-
ments relating phase-slip centers in superconductors [16].
For the helium temperature 7~ 4.2 K we have 1, = 10 s.
After some calculations, we get ©, =39 GHz that agrees
in order of magnitude with our data. Therefore, within the
framework of this model, the change in the considered
MoRe-Si(W)-MoRe heterostructures is adequately ex-
plained at low microwave powers. Indeed, at the irradia-
tion frequency of 11 GHz, the observed dependence 7,,(P)
is nearly constant while, with increasing frequency to 18 GHz,
it is replaced by the 7,(P) dependence with a maximum

(Fig. 4), i.e., the stimulating effect arises under the external
microwave irradiation.

4. Conclusions

In this work, we have found the emergence of tilted
current steps in current-voltage characteristics of
MoRe—Si(W)-MoRe junctions with increasing the power
level of the applied external microwave radiation. We have
interpreted them as the manifestation of phase-slip centers
in the junctions under study. The estimates performed us-
ing related Eliashberg theoretical model indicate a non-
equilibrium occupation of energy levels in W clusters re-
sulting in the superconductivity stimulation effect. The
experimental [, /I, Vs ch,i / ch’max dependence of the
normalized critical current on the radiation power level was
nearly constant at 11 GHz and exhibited a maximum at
18 GHz. Generally, our results well agree with the Eliashberg
theory and demonstrate the stimulating effect in the Josephson
junctions with 1D weak links in the Si(W) barrier.

Future research should clarify the following issues:
(i) an effect of the noise factors on superconductivity sti-
mulation [17], (ii) the role of inelastic scatterings in a complex
barrier [18], (iii) possible influence of the minigap induced
in W nanoscale grains [19], and (iv) an impact of the Fermi
surface anisotropy in superconducting electrodes [20].

The work was carried out within the framework of the
project No. 01170002130 “Quantum transport in hybrid
superconducting nanostructures and ion-plasma conden-
sates and their electromagnetic properties” and the project
No. 0121U110046 funded by the Fundamental Research
Programme of the Ministry of Education and Science of
Ukraine.
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BnnvBe 30BHILLHBLOMO MIKPOXBUITLOBOIO
BUMNPOMIHIOBAHHSA Ha TPAHCNOPTHI XapaKTepuCTUKU
HagnposigHunx nepexonis MoRe—-Si(W)-MoRe

A. P. Shapovalov, V. E. Shaternik, O. O. Boliasova,
A. Yu. Suvorov

Crenudivanii BIiATyK HaJIPOBIIHUX MPUCTPOIB Ha EIEKTPO-
MarHiTHe BHUIIPOMIHIOBAHHsS € OCHOBOIO PIi3HHX 3aCTOCYBaHb,
MOYMHAKOYH BiJl CTAHAAPTY HAIPYTH Ta 3aKiHUYIOUH OJHHOYHHMH
¢doronHnmu nerektopamu. OfHUM i3 Takux e(eKTiB € CTUMYJIS-
mis caMOi HaANPOBIAHOCTI MIKPOXBWIAMH. J[OCTIIDKEHO BILTHB

30BHIIIHBOTO MIKPOXBHJIOBOTO ONPOMIHEHHS Ha CX1I4acToMy
BIZIpI3Ky BOJIBT-aMIEPHOI XapaKTepPUCTUKH IKO3e(COHIBCHKUX
nepexoniB MoRe—Si(W)-MoRe, siki BUHHKaIOTh BHACITIZOK edek-
Ty (ha30BOrO NPOKOB3YBAaHHS B JIOCIIIKYBaHUX 3pa3kax. Ha gac-
TOTaX BHUILE MOPOTOBOTO 3HAYEHHS CIIOCTEPEIKEHO €PEeKT CTHUMY-
JSIil, SIKMH MOJXKHA NOSICHUTH HEPIBHOB)XHHM IEPEPO3MNOMITIOM
3allOBHEHHUX €HEPreTHYHUX PiBHIB B kiactepax W. OGroBopeHo
OCHOBHI 3aBJIaHHSI MaifOyTHIX JTOCIIKEHb.

Kiroyosi croBa: ribpuani nepexoau xozedcona, oJHOBUMIPHHMI
TpaHcnopT, (a3oBe MPOKOB3YBaHHS, MiKPOXBH-
JIbOBE BUIIPOMiHIOBaHHSI.
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