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CURRENT IN A TWO-BARRIER TUNNEL JUNCTION

The Josephson current through a two-barrier SISIS tunnel junction has been calculated ana-
lytically in the quasiclassical approzimation for the microscopic theory of superconductivity.
Green’s functions for a SISIS tunnel junction and an expression for the Josephson current
through a point contact are obtained. The dependence of the tunnel current on the order pa-
rameter phase is determined, and the current dependence on the distance between the barriers
is analyzed. The presence of resonance peaks in the Josephson current is demonstrated.
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1. Introduction

Among a lot of important and interesting phenomena
that were discovered in the last century, supercon-
ductivity occupies a special place. Superconductors
attract considerable interest of scientists. There are
plenty of reasons for that. One of them consists in
the unordinary, from the classical standpoint, char-
acter of effects that arise in such systems. These are
the dissipativeless behavior of the electric current, the
expulsion of the magnetic field from the superconduc-
tor bulk, the magnetic flux quantization, and so forth
[1, 2]. Another important circumstance that makes
the researches of superconductors challenging is con-
nected with the fact that such systems are a “window
to the quantum world”, because quantum-mechanical
effects manifest themselves on the macroscopic level
in this case.

Two Josephson effects are inherent in the physics
of superconductivity. They are observed in a system
composed of two superconductors (S) separated by
the thin layer of an insulator (I) (the so-called SIS
junction). One of those effects (stationary) consists in
that if a current, whose magnitude is lower than a cer-
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tain critical value, is passed through the junction, the
voltage drop across the junction equals zero despite
the presence of the insulator layer. The Josephson ef-
fects (stationary and non-stationary ones) are classed
to the so-called weak-superconductivity ones [3].

In the recent years, there emerged technologies for
the creation of multilayered tunnel junctions with
an arbitrary geometry and a set of components: SI-
NIS, SISIS, SIS'IS, and others [4]. The theoretical
calculation of the effects of phase-coherent charge
transfer in layered systems of the SISIS and SIS’IS
types, whose research is challenging because of the
creation of superconducting quantum interference de-
vices (SQUIDs) [5] and superconducting qubits for
a quantum computer [6, 7], has a large field of
applications.

Multilayered superconductor junctions were stud-
ied in a number of works. The experimental regu-
larities of a Josephson current in such structures are
described in works [4, 8]. In the works by Brinkman
and Kupriyanov et al. [9,10], a theoretical analysis of
the Josephson effect in the SISIS junction was carried
out. Using the method of Green’s temperature func-
tions, the cited authors obtained an expression for the
Josephson current in an integral form and analyzed
it by numerical methods.
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In this work, we propose a microscopic theory for
the Josephson current in a two-barrier tunnel junc-
tion with the SISIS structure. Unlike work [10], where
Green’s functions for the Gor’kov equation were ap-
plied, we deal with the equations of superconductivity
theory that have a lower order as differential equa-
tions, i.e. quasiclassical ones. This circumstance al-
lows us to obtain an expression for the Josephson cur-
rent through a junction in the analytical form. Note
that, with the use of the method of quasiclassi-
cal equations, one of the authors (A.V.S.) theoreti-
cally described the Josephson effect in superconduc-
tor junctions with various structures: SIS, SNS, and
SINS [1].

The researches performed in this work revealed
some features in the tunnel current through a two-
barrier junction, which are absent for the current
through a SIS junction. First of all, this is a non-
monotonic dependence of the critical current on the
distance between the barriers and the presence of res-
onance maxima. A possibility of the resonance tun-
neling in a two-barrier structure was considered in
work [11].

Another peculiarity of the Josephson effect in the
SISIS tunnel junction is a non-sinusoidal dependence
of the current on the phase difference. A similar de-
pendence was obtained in works [12,13] on the basis
of the classical Ohta model [14]. The experimental ob-
servation of a non-sinusoidal dependence of the cur-
rent through a two-barrier superconductor junction
was described in works [15, 16].

2. Quasiclassical Equations
of Superconductivity Theory
for the Description of Current States

It is known that the theoretical description of super-
conductors in the mean-field approximation is based
on the Bogolyubov equations. The latter are equa-
tions for the eigenvalues and eigenvectors of the coef-
ficients in the canonical Bogolyubov transformations
from particles to quasiparticles, up(r) and vp(r):

{@p(r) — A(r)vp(r) = epup(r),
é“p(r) + A (r)up(r) = —epvp(r).

Here A(r) is the order parameter (mean field), £ =
5~ 4 U(r) — p, U(r) is an external field, p the

chemlcal potential, and e, =, /&2 + [A[2.
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(1)

The Bogolyubov equations (1) have to be solved
under the self-consistency condition

_gzup

From the system of Bogolyubov equations (1), we
can change to a system of equations for Matsubara
Green’s functions, which are called the Gor’kov equa-
tions:

{(iwn - éi)Gw" (r,r') + A(r)F,, (r,r')
(iwn + g)Fwn (I‘, I‘/) + A (r)Gwn(

tanh

=0(r—r'),
r') = 0.

The latter have to be solved provided the condition
=9IT > Fo,(r,r).

In the Nambu matrix formalism, this system of equa-
tions is written as follows:

(wn o — A(r)) G, (r,¥') = 8(r, 1), 2)

where
(0 %) am= (s 20)

From the mathematical viewpoint, the system of
equations of superconductivity theory in the form of
Bogolyubov’s equations — or, equivalently, Gor’kov’s
equations — is rather difficult, because the sought
quantities — these are the coeflicients up(r) and vp(r)
or the functions G, (r,r') and F,, (r,r’) — are non-
linear functionals of the function |A(r)|, which is
spatially inhomogeneous in the general case. The re-
sults of researches [1] testify that the velocity of the
Cooper pair motion as an ensemble, v, is much lower
than the characteristic velocity of the electrons that
form this pair, i.e. the Fermi velocity vg. This fact
means that, although electrons in a superconductor
are strongly degenerate, the motion of Cooper pairs
is quasiclassical. The account for this circumstance
allows the equations of superconductivity theory to
be substantially simplified. Namely, the quasiclassi-
cal equations have a lower order than the initial dif-
ferential equations of superconductivity theory (writ-
ten in spatial coordinates). Note that a similar sim-
plification takes place, when changing from the Dirac
equation for a relativistic electron to the Pauli equa-
tions in the nonrelativistic limit. The simplification
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Fig. 1. Model of a symmetric SISIS tunnel junction and the
corresponding potential

of the equations associated with the quasiclassical
character of the Cooper pair motion has a spatial
aspect, because (Vg)erit/Ve ~ Te/TF ~ a/y < 1,
where T, is the critical temperature, Tr the Fermi
temperature, a the interatomic distance, and &y the
coherence length. Hence, in a ceratin sense, the quasi-
classical equations are smoothed out over the atomic
lengths and contain only large-scale spatial variations
of the order parameter. The principles used, while
constructing the quasiclassical equations of supercon-
ductivity theory for tunnel junctions, are described
in [1].

In this work, we will construct quasiclassical equa-
tions for a tunnel junction of the SISIS type. The
junction geometry is shown in Fig. 1. Each insulator
is simulated by a d-like potential barrier

vi=als (o= vs(s+9) o

Let us expand the Matsubara Green’s function (2)
in a series of eigenstates of the one-particle Hamilto-
nian with potential (3):

Gt =3 /dp /dp'c?z;’“n<p,p'>xs><r>x§,’f><r’), (4)
ik

where 1 1
1 . ipLT 1 2 _ ipLT 2
X§) )(I‘) — %6 PL \Ijz(nz)’ Xf) )(I‘) — %e PL \I,éz)_

Here, pi and p, are the perpendicular and longi-
tudinal, respectively, momentum components; and
the functions \111(712) and \111(722) are solutions of the one-
dimensional Schrodinger equation with potential (3).
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We have

1 ipLZ —ip.z d
\Il](alz)(z) = —m {{e P22 4 Cre™™® }9 (—z — 2) +
i oo ol

cawna(o-d) o

for the wave incident from the left side and

1 : d
PR ()= — —ipzzg [ _, _ =
p- () m{o‘*e ( 2)*

. . d d
+ {Coe™ 7 + Cse”’”W(‘Z " 2)"(2 " 2> i

+{Creir=s 1 emirEY g (z - ;l)] (6)

for the wave incident from the right-hand side. The
constants C, Cs, C3, and Cy are determined from
the conditions of the wave function continuity across
the barriers and the given jumps of its first derivative.

The coeflicient of electron transmission through the
barrier is determined by the relation

8t
(8k*+4k2+1)+H4k?—1) cos(2p.d)+4k sin(2p.d)’

where
p. _ VE
\/Qma.

On the basis of the Gor’kov equation (2), we obtain
the following integral equation for the coefficients of
Green’s function expansion (4):

(i — 06)C™ (p,p) -3 / dp” (i, plA ()14, p")
x GIF (p”,p) = dud(p —Jp’)-

Let us take into consideration that the spatial homo-
geneity is broken only in the z axis direction, and the
order parameter A depends only on the coordinate
z. Therefore, the matrix elements (i, p|A(z)]i'p") are
diagonal in the transverse momenta, i.e. they con-
tain the d-function §(p; — p’y). This is also valid for
Green’s function, which looks like

R =
2ma

G* (p,p') = G¥ (pL,p-,p.)d(pL — PL)-

The indicated symmetry of the problem makes it
possible to transform the equations for the coefficients
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of the Green’s function expansion to the following
form:

(iwn—0-€)GIE (pl,pz,p’z)—Z/de@,pzIA(Z)IJEPD X
J
x GI¥ (pL, v, p.) = 6ird(p — pl). (7)

The obtained form (7) of the equation for the Gor’-
kov Green’s functions is convenient, when construct-
ing the quasiclassical approximation. Let us take into
account that the characteristic momenta that give a
contribution to the values of physical quantities are
close to the Fermi momentum pg. Therefore, we may
put p = pr + £/vr, where £ has the order of T,. For
the difference between the momentum projections, we
obtain

=g

/
P =D, = )
VEFT

T = cosb,

where 6 is the electron incidence angle at the barrier.
Hence, we have the following approximate rela-
tions:

6(p- — pl.) = vpad(E — '),

7 1
/dpz...é— d€.
0

VEZ
— 00
Taking them into account and changing from the vari-
able & to the Fourier-conjugate variable ¢ (whose di-
mensionality is the inverse temperature) with the use
of the formulas
1

1 e —
(€t = mme™™ M = o

we arrive at a differential equation of a lower order
for Green’s functions (7):

ikt

d ~
; n ; z 7, tv. w kvt/ -
(zw +io dt>< i|Gy, |k, t")
=3 [ A 1 ) =
J

=00t —1t'). (8)

The calculations show that the matrix elements of the
order parameter are diagonal in the variables ¢ and
t’, i.e. the following relation is obeyed:

(t,lA(2)]j, ') = 6(t = ')(t, il A2) 4, ).
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The final form of the Gor’kov equations for a tunnel
junction in the quasiclassical approximation looks like

d . . o ~
W i, — — M) G& (t,t') — AGZ (t,¢) =

dt
=6(t—t'),
(z'wn + ioz% — A”) G2 (t,t') — A2'GLL (t,¢) =0,

(9)
iwn + z‘az% —~ A”) G2 (t,t") — AMGA (1) =
= 6(t - t/)v

d . R o
(1 i 5~ A1) 622 (1.0) - ARG (1.6 =

This system of equations has to be completed by the
expression for the current density through the junc-
tion,

N . o /
j(r) = mT;J}Lnr(V‘" V)G, (r,1).

After changing to the t-representation, we obtain

j(z) = ;;N(O)TZZ/ldw/dtdt’x

wn i,k Q)
X (t,i|Gy, |k, ') T* (8,1, 2),

Here, in the expression
¥z, t 2) = / dede’ e~ EHHE o

x () (20900 () = 0D (2)p. W, (2), )

the values of slowly varying multipliers (the trans-
mission and reflection coeflicients) are taken at the
Fermi surface. Furthermore, the products of exponen-
tial functions containing the sum p, + p, = 2ppx
and oscillating at atomic lengths are rejected, leav-
ing only those products that contain the difference
p. —p, = E\/_Ti/ and oscillate at lengths of an order
of the coherence length £ > a. In such a way we
smooth out the current over atomic lengths and de-
scribe only its large-scale spatial variations. The de-
scribed procedure of smoothing out at atomic lengths
is also used, when calculating the matrix elements of
the order parameter (¢,i|A(z)|j,t).
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3. Calculation of the Josephson
Current Through a SISIS Tunnel Junction

Let us apply the quasiclassical equations (9) ob-
tained in the previous section in order to describe
the Josephson effect in a SISIS tunnel junction. In
the theory of superconducting junctions, a model is
widely used, in which a variation of the order param-
eter under the influence of the finite barrier trans-
parency or the current is neglected, so that the abso-
lute value of order parameter A(z) is assumed to be
constant within each superconductor. If the parame-
ter A(z) changes over the coherence length &g, the ap-
plication of this model does not result in a qualitative
error, because the neglect of a A(z) variation gives
rise to an uncertainty of order of 1 for the numerical
multipliers in the expression for the current. Since the
system may contain current states, the phase of the
order parameter depends on the coordinate, and its
gradient determines the superfluid velocity v, which
is the velocity of condensate motion. In the dielectric
interlayer (I), the density of the superfluid component
sharply decreases, and the superfluid velocity has to
drastically grow in order to provide the current con-
tinuity. As a consequence, the order parameter phase
can change very rapidly, when crossing the barrier,
over the lengths of an order of the barrier thickness.

Let ®(z) be the order parameter phase, so that
A(z) = |A(2)[e"®). Let us put ®(z) = ®(z) + A(2),
where <i>(z) is the continuous phase component asso-
ciated with the superfluid velocity vs = grad ®(z),
and A(z) is the phase component describing jumps at
the barriers.

In this work, we confine the calculation to the cur-
rent through the barriers. Therefore, in what follows,
only the jump-like component of the order parameter
phase will be taken into consideration:

AQz) = g {9 (z - ‘;) 9 (—z - Z)} ¢ = const.

Hence, the following order parameter model will be
dealt with:

e~ W2 < —d)2,
A(z) =A< 1, |z| <d/2, A =const. (11)
w2 2> d)2,

On the basis of formulas (5), (6), and (11), taking
the procedure of smoothing out over atomic lengths
into account, we obtain the matrix elements for the
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order parameter,

) Ayjo —2iARo,sing/2,  z>d/2,
A = CiA (|Co? + |C5]?) oy, |z| < d/2,
A,W/Q, z < _d/27
R 2AVDRsinp/20,, z>d/2,
A = $iA (CoC5 + C3C3) 0y, 2| < d/2,
0, z < —d/2,
R 2AVDRsin¢/20,, z>d/2,
AN = CiA (C,C5 + C3C5) 0y, 2| < d/2,
0, z < —d/2,
A_, 3+ 2iARo,sing/2, 2> d/2,
AZ2 = LA (|02‘2+‘03|2) Ty, ‘Z| <d/27
AW/Q’ z < *d/2

Here, D and R are the coefficients of electron trans-
mission and reflection, respectively, for the model of
double d-like barrier, and

A 0 e
Aép - A (_e_iw 0 )

The substitution of the obtained matrix elements
into the quasiclassical equations (9) makes it possi-
ble to calculate the Gor’kov Green’s functions for a
SISIS tunnel junction. In this work, we have analyti-
cally calculated the complete system of Green’s func-
tions for the indicated junction. The corresponding
expressions are cumbersome. Therefore, for illustra-
tion, we present here only the formula for G‘EL (t,t)
in the interval z > d/2:

A 1 - /
Gl (t,t) = et
n

Gnsign(t —t') + wp  iAeiF +2AR sin%

X .
—iAe~i% +2AR sing Dnsign(t — ') — wy,
1 wn + Wn, eig
- FYAN — G (t+t))
+aq o, _wne—ig ., e +
1A
1 (Dn + wn, e_ig
1A —@n (t+t')
i ) ei% 1 ’ 7
1A

where @,, = \/w?2 + A%, and «; and ay are integra-
tion constants that are determined from the condi-
tions of Green’s function matching across the barriers.
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On the basis of the expressions obtained for Green’s
functions and formula (10), the current through
the junction can be calculated. The calculation gives
the following expression for the Josephson current
through the SISIS tunnel junction at z = +d/2:

AJ1-Dsin2?
ADsin g MY

tanh 5T .
’/1—D51n2%

Here, Np = %ELF is the density of states at the Fermi
surface.

Formula (12) describes the dependence of the
Josephson current density at the SISIS tunnel junc-
tion edges on the coherent phase difference ¢ and the
barrier parameters, as well as the temperature. In the
case D = 1, formula (12) reads

Jj= % evy N

(12)

Acosp/2
2T

This relation agrees with the known formula for the
SIS junction obtained in the work by Kulik and
Omelyanchuk [17].

The critical current, jmax, is determined from the
extremum condition for expression (12) as a func-
tion of the phase difference. The phase difference, at
which the current is maximum, depends on the bar-
rier transparency, as well as on the junction param-
eters and the temperature. The corresponding value
is determined from the relation

j= g evp NrAsin /2 tanh

2
(Pmax = arccos [1 D (1 — xQ)],

where the parameter x is a solution of the transcen-
dental equation

. A Ax2(1—x2)(1—D—m2)
smh(x) =T 1D _ 1 .

Let us calculate the critical current at the tem-
perature T' = 2.5 K for a tunnel junction on the
basis of niobium (Nb), for which the superconduct-
ing gap A ~ 3 meV, and the critical temperature
T. ~ 9.5 K. In this case, A/T ~ 14.2. At D = 1, we
have x ~ 0.23, so that p.x = 2.67, and the corre-
sponding critical current

Jmax ™ 1.94gevFNFA.
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Fig. 2. Dependences of the tunnel current density on the
phase difference for various transmission coefficients
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Fig. 3. Dependence of the current density on the distance

between the barriers at k = 0.01

At D = 0.5, the value of parameter = equals x ~
0.84. Then pax = 1.75, and the corresponding criti-
cal current amounts to

Jmax =~ 0-59g€VFNFA.

Let us plot the dependences of the current den-
sity (12) on the characteristic junction parameters
(all dependences are plotted for dimensionless quanti-
ties). In Fig. 2, the dependence of the tunnel current
density on the order parameter phase difference be-
tween the junction egdes is shown. This dependence
has a sawtooth behavior, when the value of trans-
mission coefficient is close to 1. As the parameter D
decreases, the analyzed dependence for the current
density acquires a sinusoidal form [13]. Note also that
the current density decreases with a reduction of the
tunneling coefficient.

In Fig. 3, the dependence of the current density on
the inner interlayer thickness is depicted. The depen-
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dence has a sharp resonance peak, which coincides
with the maximum of the electron transmission coef-
ficient through the double §-like barrier. The current
reaches a maximum, if the barrier thickness satisfies
the equation

1 4
Prdmax = 3 (— arctan ﬁ + 27m)7 neN,

and a minimum, if

1

demin = 5

(ﬂ' — arctan % + 27rn>, n € N.

Typical insulators used in tunnel junctions, e.g.,
Al;Og, have a thickness of about 10-20 nm. The po-
tential barrier height in such insulators varies from 1
to 5 eV. Therefore, the coefficient « in potential (3)
is of an order of (1+10) x 1078 eV m. Since the Fermi
energy for metals is about 2-10 €V, the parameter s
acquires values within an interval of (5+-30) x 1073. If
the parameter x = 0.01, the maximum values of cur-
rent take place provided that prd ~ 0.01999, 3.16158,
6.30318, 9.44477, and so forth.

4. Conclusions

In this work, a microscopic theory of the station-
ary Josephson effect in an SISIS tunnel junction has
been developed. The theory is based on the quasiclas-
sical equations of superconductivity theory. Those
equations are the Gor’kov equations for Matsubara
Green’s functions of a superconductor, but smoothed
out over atomic lengths.

On the basis of the quasiclassical equations with
the use of analytical methods, a formula for the
Josephson current density through the junction is de-
rived. The current density is shown to depend on the
coherent phase difference between the superconduc-
tors, barrier parameters, and temperature. When the
coefficient of barrier transmission D is close to 1, the
current reveals a sawtooth dependence on the phase
difference. This dependence gradually acquires a si-
nusoidal form, as the electron transmission coefficient
decreases.

A formula for the critical current depending on the
transmission coefficient is also derived. The critical
current maximum is found to take place at D = 1.

While studying the dependence of the current
on the inner interlayer thickness in a junction,
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resonance peaks in the current density are re-
vealed. Those peaks coincide with the maxima of
the electron transmission coefficient through the dou-
ble ¢-like barrier. An analytical relation is obtained
for the interlayer thickness, at which the current is
maximum.

Note that the developed theory can easily be mod-
ified for junctions with different geometries, e.g.,
S1IS21S3, SINIS, and so on.
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I1.11. Illueopin, A.B. Ceidsuncorud, 1.0. Mamep’an

PO3PAXYHOK CTPYMY [I2KO3ED®COHA

Y IBOBAP’EPHOMY TYHEJIBHOMY KOHTAKTI
PeszmomMme

Y poboti anasmiTuuHO po3paxoBaHo cTpyM Jlkozedcona y nBo-
Gap’€pHOMY TYHEJIBHOMY KOHTaKTi 3i crpykTyporo SISIS. O6-
YHCJIEHHSI BUKOHAHO HA OCHOBI KBA3IKJIACMYHOIO HAOJIMKEHHS
piBHsIHb MiKpockomivHol Teopil HamamposizHocti. Hamu Gyso
pospaxoBano ¢ysKIil 'pina mgis ryseasnoro SISIS-konTakTy
Ta OJIEPXKAHO BUPAa3 /i cTpyMy Jl2ko3edcona B Momes1i TOUKO-
BOrO KOHTaKTy. BcraHOB/IeHa 3aJI€XKHICTH TYHEJBHOIO CTPY-
My Bin ¢dasm mapamerpa BHopsigKyBaHHs. Mu Takox mpo-
aHaJII3yBaJIl 3aJIEXKHICTh BEJIMYUHM CTPYMY BiJ BifcTani MixK
Oap’epamu Ta OKa3aJId HASBHICTH PE30HAHCHUX IIKiB m2KO3e-
dcoHiBCHKOro CTpyMy.
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