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The present paper presents an investigation of the current states in a double barrier tunnel
Josephson junction. The Josephson supercurrent in tunnel multilayered structures has significant
features related to the phenomenon of quantum resonant tunneling. The value of the supercurrent
is very sensitive to the distance between the barriers (thickness of interior superconductor layer).
This gives a possibility to fabricate the tunnel Josephson junctions with hight values of critical
supercurrent. In this paper the relationship for the thickness of an interior superconductor layer
has been found for which the double-barrier becomes fully transparent. We also investigated the
current—phase relation for the double barrier tunnel Josephson junction, derived the equation for
the critical value of a supercurrent and calculated the skewness in the current—phase relation for

different values of the transparency of the junction.
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I. INTRODUCTION

Josephson junctions (JJ) are very attractive objects
for investigation in modern physics of condensed matter.
They are interesting from a fundamental perspective as
well as for applications in technologies. There are many
branches of theoretical investigations of JJ. They include
the phenomenon of the spontaneous symmetry breaki-
ng, the dissipative behavior of supercurrent, the expulsi-
on of the magnetic flux, and so forth [1]. In the recent
years, we have seen a lot of articles related to topological
superconductivity. The topological Josephson junction
reveals important information about this phenomenon
[2]. In technologies, there are many devices and high-
sensitivity detectors based on the JJ. They include
superconducting quantum interference devices (SQUI-
Ds), rapid single flux quantum (RSFQ) digital devi-
ces, superconducting qubits. JJ also have applications
in voltage metrology.

Typical JJ have the following configurations: SIS, SNS,
SFS (here S is the superconductor, I is the insulator, N
is a normal metal, F is a ferromagnet). In recent years, it
has become possible to create multilayered (also known
as “sandwich”) Josephson structures of the SINIS and
SISIS-type [3]. The Josephson effect in tunnel multi-
layered structures has significant features that are related
to the phenomenon of quantum resonant tunneling. The
value of a Josephson supercurrent is dependent on the
transparency of the junction. For the multilayered juncti-
on there is a possibility of controlling the transparency
by tuning the spacing between layers. Hence, we obtain
a possibility to fabricate the tunnel JJ with hight values
of critical supercurrent.

In the present paper, we carry out a microscopic
investigation of the resonant tunneling effects in a
double-barrier Josephson SISIS-junction. We investi-
gate the relationship between the critical current, the
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coherent phase difference and the transparency of the
junction. Also, we calculate the skewness in the current—
phase relation for the SISIS junction.

II. MODEL

Let us consider a double barrier tunnel junction with
geometry SISIS (S is a superconductor, I is an insulator).
In this paper, we will investigate the so-called point
junction. From the microscopic point of view, for this
type of junction electrons incident on the barrier at the
right angle (i.e. the electron’s momentum p & p,). The
geometry of the tunnel junction is shown on Fig 1.
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Fig. 1. Model of the symmetric SISIS tunnel junction and
corresponding potential
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The insulators are modeled by a delta-Dirac potential

barriers
U(z)za[é(z—g)—i—&(z—k;i)] (1)

Here §(z) is the Dirac delta function.

Typical insulators used for the tunnel junctions (e.g.,
Al;03) have the thickness of about 10 — 20 nm. The
barrier height is about 1 — 5 e€V. Hence, the constant o
for the delta-Dirac potential (1) is about (1 —10) x 1078
eV-m.

The solution of the Schrédinger equation with potenti-
al (1) gives the next relation for the transparency of the
double-barrier junction:

I<J4

K4+ (K cos(p.d) + %sin(pzal))2

D= ) (2)

where
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Here E is the energy of incident on the barrier electron.

According to the superconductivity theory, the
characteristic momenta that contribute to the values of
physical quantities are close to the Fermi momentum pr.
So, we may assume that parameter x is approximately
equal

o — Pr_ VEr
2ma V2mao ’
The Fermi energy for metals is about 2 — 10 eV, then
parameter k takes on the values within the interval (5 —
30) x 1073,
We note that in the case

1
Kk cos(p,d) + 5 sin(p.d) =0 (3)

the double-barrier becomes fully transparent, even
though the partial transparency of each barrier can
be smalll It is the effect of the resonant tunneling
of electrons. This phenomenon is similar to the enli-
ghtenment of optics.

The current states in a SISIS junction can be investi-
gated using equations of the microscopic theory of
superconductivity. In the paper [4], using the approach
of the quasiclassical equation for Green’s function, an
expression for the supercurrent through a double-barrier
Josephson junction was obtained

, AJ1-Dsin?Z
Dsingp tanh 2

j = jO ; (4)
1—Dsin? g =

jo = %evaFA.

3 n
Here Ngp = 15 is the density of states at the Fermi
F

surface, D is the transmission coefficient for the double
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delta-function barrier (2), A is the gap in the spectrum
of excitations in a superconductor, 7" is the temperature,
@ is the phase difference between the superconductors.
The analysis of the properties of the current (4) will be
provided in the next section.

III. RESULTS

Let us consider some features of the Josephson current
in a double-barrier junction, which is described by
equation (4) with transparency (2). We calculate the
current at the temperature 7' = 2.5 K for a tunnel juncti-
on on the basis of niobium, for which the energy gap
A ~ 3 meV, critical temperature T, ~ 9.5 K, densi-
ty of states Np ~ 5.56 x 10%® m—3, and Fermi velocity
vp ~ 1.37 x 106 ms™L. For this case A/T ~ 14.2 and

jo = %evaFA ~ 4.59 pA /m?.

The supercurrent through the SISIS junction is different
from the current in the case a SIS-junction. It has a non-
monotonous dependence on the distance between barri-
ers, with the presence of resonance peaks (see Figs. 2, 3).
This is lined to the resonant tunneling of Cooper pairs
through the double-barrier structure.

Using equation (3), we can calculate the values of
a barrier thickness that correspond to resonance peaks
of the supercurrent. When the thickness of the interior
superconductor layer satisfies the condition

tan(prdmax) = —2kK, (5)

then the current reaches the maximum.
For the case x = 0.01, equation (5) gives the following
values

Prdmax = 3.12, 6.26, 9.40, ... .

Another feature of the supercurrent in a double
Josephson junction (4) is that it exhibits a non-sinusoidal
current—phase relation. The current—phase relation for a
SISIS-junction at different values of the transparency D
is shown in Fig. 4.

The value of the critical current j,.. can be found
as an extremum of the supercurrent (4) with respect
to the phase difference . The critical value of the
superconducting phase difference satisfies the equation

(Pmax = arccos [1 — % (1 — x2)} ,

where z is the root of the transcendental equation

s () = Ar(=a)(=D=af)

T T 1—D—z*

Let us compute the critical current at T' = 2.5 K for
a junction based on niobium with the energy gap A ~ 3
meV, critical temperature T, ~ 9.5 K, density of states
Np ~ 5.56 x 10?8 m~3, and the Fermi velocity vp ~
1.37 x 105 ms~!. For this case A/T ~ 14.2 and

Jo = %evFNFA ~ 4.59 A /m?.
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Fig. 2. Dependence of the current density on the distance between the barriers (thickness of interior superconductor layer)
The current density is normalized to the value jo = Jevr NpA
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Fig. 3. Dependence of the current density on the distance between the barriers at the different values x. The current density
is normalized to the value jo = %evFNFA
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Fig. 4. Current—phase relation curves for a SISIS-junction at different values of the transparency D. The current density is
normalized to the value jo = %evFNFA
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For the case of the perfect transparency, D = 1, the
root * ~ 0.23 and @pax = 2.67, jmax =~ 1.94j9 ~
8.9 nA/m?.

For D = 0.5, we obtained = ~ 0.84, @nax = 1.75,
Jmax = 0.5950 =~ 2.7 pA /m?.

In Ref. [5], to identify the behavior of Josephson juncti-
ons, the skewness S in the current—phase relation has
been defined as follows

2
S = —Pmax — 1.
T

In the current—phase relation skewness defines the
degree of the deviation of the Josephson supercurrent
from a sinusoidal form.

In the current—phase relation skewness for the double-
barrier tunnel junction is:

2 2
S = ;arccos {1 ) (1 — xQ)] -1,
where z is a root of the equation (6).

The skewness is dependent on the transparency of the
junction as well as on the ratio A/T. For the juncti-
on considered in the present paper, we get the following
values

Sp—os =0.62, Sp_q=—0.79.

Skewness can be measured experimentally by a phase-
sensitive SQUID interferometry technique [6].

IV. CONCLUSIONS

In this work, we considered current states in a double
barrier tunnel Josephson junction with geometry SISIS.
The Josephson supercurrent in this junction has signi-
ficant features that are related to the phenomenon of
quantum resonant tunneling. Particulary, the value of the
supercurrent is very sensitive to the distance between the
barriers (thickness of interior superconductor layer). At
the supercurrent pattern, there is presence of resonance
peaks, which is linked to the resonant tunneling of
Cooper pairs through the double-barrier structure. We
have found the relationship for the thickness of the
interior superconductor layer, for which the double-
barrier becomes fully transparent, even though the parti-
al transparency of each barrier can be small.

Also we investigated the current—phase relation for
the double barrier tunnel Josephson junction. We have
established an equation for the critical value of the
supercurrent and calculated the skewness in the current—
phase relation for different values of the transparency of
the junction.
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PESOHAHCHE TYHEJIFOBAHHS{ ¥V IBOBAP’EPHOMY J2KO3E®COHIBCBKOMY KOHTAKTI

II. Illuropia', B. Bearpun?
! Boauncoruts nayionansvhut yrnisepcumem imeni Jeci Yrpainxu
np. Boai, 13, JTyuvk, 43000, Yxpaina,
2 Hovionanvnui ynisepcumem “/Ivsiscora nosimezwira”, eya. Om. Bandepu, 12, m. Jveis, 79013, Yxpaina

YV pobori n0/1aH0 pe3ysbTaTy BUBYEHHS CTPYMOBUX CTaHiB y AB00ap’epHOMY /12K03e(DCOHIBCHKOMY KOH-
rakTi. JlociKyBanuii TyHeIbHUE KOHTaKT Mae cTpykTypy SISIS (S nosuagae maguposiguuk, I — izoms-
rop). Haanposiguuii crpym y GararoiapoBux CTpYKTypax Ma€ fKicHI BiaMiHHOCTI Bij cTpymy B “Kjacu-
qHOMY” TyHesbHOMY KOHTaKTi (Hanpuksas, crpykrypu SIS). i Biaminuocri nepenycim nos’sizani 3 KBaH-
TOBUM PE30HAHCHUM TYHEJOBaHHsM. Posrisinyruit y pobori SISIS- koHTAKT MOIEIIOETHCs NOABIHHUM
JenbTa~-QyHKIGHHUM moTeHIia bHuM 0ap’epom. KoedillieHT mpoXoaKeHHsT eJIEKTPOHIB depe3 moaBiiiHuit
Gap’ep 3ameXuTh BiJ BigcTani Mixk Oap’epaMu. 3a MEBHUX 3HAYEHb M€l BiicTani KOeiieHT MPOXOIKeHH s
JIOPIBHIOE OIMHMUII, TOOTO Gap’ep cTrae abCOTIOTHO MPO3OPHUM JJisi €JIeKTPOHIB.

YV poboti mokazaHo, 0 3HAYEHHS HAIMIPOBIIHOTO CTPYMY depe3 AB00Ap’€pHUiT KOHTAKT JTyKe Iy TINBE
J10 Bijcrani Mixk 6ap’epavu. OTKe, PperyTiol0YH IO BiICTaHb, MOXKHA CTBOPIOBATH HAIITPOBIIHI KOHTAKTH
3 BUCOKHM 3HAYEHHAM KPUTUIHOrO CcTpyMy. Mu obOuuciuniu, 3a sKuX 3HAYEHb TOBIUHU BHYTPIITHBOTO
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HAJITPOBITHOTO TIPOIITAPKY BUHUKAE PE3OHAHCHE TYHEIOBAHHS, f OIepIKaIN PiBHAHHS A9 KPUTUTHOTO
3HAYEHHS] CTPYMY Ta, PO3paxyBajd MOr0 3HAYUEHHS I PI3HUX MPO30POCTEil Ha MPUKJIAII TYHEJTIHHOTO
koHTakTy NbAlyO3NbAl,O3Nb. Takoxk y pobOTi AOCTIIKEHO 3aTeXKHICTH HAJAMPOBIIHOIO CTPYMY Bis
KOTepeHTHOI pi3uumi a3 HaAIPOBIIHUKIB, IO YTBOPIOIOTH KOHTAKT. IloKazaHo, 10 3a 3pOCTAHHS KOe-
dimienTa MPOXOMKEHHST €JIEKTPOHIB uepe3 0ap’ep 3aIeKHICTh 1:K03e(COHIBCHKOTO CTPYMY HENEPEpBHO
3MiHI0€ POPMY Bij CHHYCOITHOI JO TUIKOMOIIOHOI.

Jlns ximbKicHOrO ommcy (popMH 3a/IeXKHOCTI TYHEJIBHOrO CTPYMY Bia KorepeHTHOI pi3uuii ¢a3 Ha
Oeperax KOHTAKTY 3alIPOBAI?KEHO ¥ PO3PAXOBAHO CKOIIEHICTH Yy 3aJI€KHOCTI CTPyMy Bix pisauri ¢das.
CKOIIEeHICTh y 3aJIEKHOCTI CTpyMy Bim pi3uumi ¢a3 € BaXKJIWBUM TAPAMETPOM TYHEIBHOTO KOHTAKTY,
OCKLTbKH BOHA MOKe OyTum 0e3mocepenHbO BUMIpsiHA, €KCIIEPUMEHTAJIHHO 33 JOMOMOTOI0 (ha30vqyTIAUBOL
SQUID-inrepdepentiitnol Texuiku. Opepkani B pobOTI TeOpeTHYHI MiAXOAM MOXKHA MEPEHECTH HA TY-
HeJibHI KOHTaKTH 1HWOol reomerpil (Hanpuxiaz, S11S21S3).

KurrouoBi csroBa: 1:x03eCOHIBCHKHI KOHTAKT, PE30HAHCHE TYHEIIOBAHHS, HAIIMPOBITHUN CTPpYM, KO-
repeHTHa pi3Huiisa (a3, CKOIIEeHICTh.
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