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The behaviour of superconducting junctions of SNINS-type (where S is superconductor, N is normal metal, Tis
insulator) with anharmonic current-phase relations in the external magnetic field near the critical temperature
was investigated. The dependence of the maximum current on the value of the magnetic flux in a wide range
of electron transmission coefficient values was considered. Also, it was investigated how the presence of a
normal layer of an arbitrary thickness in the scale of coherence length and in the presence of impurities in
superconducting regions affect the sensitivity of the maximum current to the magnetic field magnitude.
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1. Introduction

The discovery of the Josephson effect [1] has greatly contributed to the development of superconduc-
tivity physics and opened a wide area for research in the field of the so-called weak superconductivity.
The place where these effects exist is the Josephson junctions or any other kind of weak links [2H4]. An
important characteristic of Josephson tunnel junctions is their behaviour in the external magnetic field.
As it turns out the maximum current in such structures is very sensitive to the change in the magnetic
field, and for the case of a sinusoidal current-phase relation can be written as [3]]

sin (t®/ D)
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where © is the magnetic flux through the junction, @ is the magnetic flux quantum. From the above
expression one can see that the current drops to zero when the total magnetic flux is equal to an integer
number of quantum, i.e., ® = n®y and can reach the values from zero to the maximum value at a
change in the flow by only half the quantum ®(. As a result, the use of this effect opens up wide
opportunities for the practical application of tunnel junctions [6H9]. A first experimental observation of
the magnetic field dependence of the maximum Josephson current was obtained in work [[10]. Lately,
many experimental and theoretical investigations of this effect have been made for junctions of different
types, which are classified as so-called “short” [[L1H14], with dimensions that are small compared to the
Josephson penetration depth [ <« Ay and “long” [[15H18]], for which ! > Aj. Nowadays, the investigations
of the behaviour of Josephson junctions in an external magnetic field for the case of annular tunnel
junctions [19} 20] and junctions with a ferromagnetic interlayer are also actively developed [21]].
However, a detailed analysis shows that the simple sinusoidal current-phase relation is valid only under
certain conditions, which are implied on the parameters of the superconducting junction. For the case
of tunnel superconducting junction of SIS-type at the temperatures close to critical, the corresponding
condition is D <« 1 (where D is the electron transmission coefficient through the dielectric layer). At

This work is licensed under a|Creative Commons Attribution 4.0 International License. Further distribution 43702-1

of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOL


https://doi.org/10.5488/CMP.21.43702
http://www.icmp.lviv.ua/journal
http://creativecommons.org/licenses/by/4.0/

O.Yu. Pastukh, V.E. Sakhnyuk, A.V. Svidzinsky

non-small values of the electron transmission coefficient, in order to obtain the correct result for the
current, it is necessary to take into account the depairing effects, which under such conditions (D < 1)
are already significant. The study of the Josephson tunnel junction, taking into account these effects, was
carried out in [22} 23], which resulted in a nontrivial result for the current-phase relation instead of a
traditional sinusoidal dependence. It is obvious that the anharmonic current-phase relation will also be
reflected in the behaviour of the corresponding junctions in the magnetic field. In [24] it is shown that for
the “short” Josephson junction, an increase of electron transmission coefficient leads to an increase of the
current sensitivity to a change in the external magnetic field. For the “long” SIS junction in a magnetic
field [23], it is shown that the intense pair breaking significantly increases the penetration depth of the
magnetic field.

Nowadays, superconducting junctions of SNINS-type which combine tunnel effects and the proximity
effect are of great interest both in the fundamental and in the applied aspects of investigation. Equilibrium
properties of such junctions were studied in [26-H28|] while current-voltage characteristics of SNINS
junction for various thicknesses of the normal layer both in the tunneling and in the high-transparency
regime were considered in [[29,30]]. Our task in this work is to investigate the behaviour of superconducting
junctions of SNINS-type in the external magnetic field taking into account the depairing effects. Here we
consider how the presence of a wide range of electron transmission coeflicient values and an arbitrary
thickness of the normal layer affects the sensitivity of the maximum current to the magnitude of the
magnetic field. The effect of nonmagnetic impurities is also taken into account.

2. Model and basic equations

Let us consider the investigated superconducting junction (figure[T)). We choose the coordinate system
so that the superconductor occupies the region |z| > d/2, normal metal occupies the region |z| < d/2,
and the dielectric layer coincides with the plane xOy. Let the size of the junction in the x-direction be
equal to the unit of length and in the y-direction be equal to /. Let the external magnetic field be applied
along the x-axis, i.e., H = (H,0,0). The applied magnetic field is considered to be high so we can
assume that the penetration depth Ay of the magnetic field is much greater than the size of the junction.
In this case, we can neglect the self-induced magnetic field of the current passing through the junction
and consider the field inside the junction as uniformly equal to the external field applied to and around
the junction. For practical reasons, we take the vector potential oriented as follows: A= (0, —zH,0). In
work [31]], where the current states in the superconducting SNINS junction near the critical temperature
were investigated, it was shown that for certain values of junction parameters, the current-phase relation
is different from the traditional sinusoidal dependence. A pronounced anharmonicity of the current is
caused by the depairing effects action which are significant at small values of the normal metal thickness
and non-small values of the electron transmission coefficient. A significant role in this aspect also belongs
to the presence of nonmagnetic impurities in the junction. That is why the behaviour of superconducting
junctions with anharmonic current-phase relations in the external magnetic field becomes an interesting
topic of investigation. Let us consider how the values of the electron transmission coefficient, normal
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Figure 1. Geometrical configuration of the SNINS junction.
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SNINS junction in an external magnetic field

metal thickness and the length of electron free path affect the dependence of the maximum current in
the junction on the magnetic flux. The result for the current-phase relation in SNINS junction is given
by [31]

2
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where 7 = ng) = [7 73 7 /l)( L )]1/ 2 is the ratio of the coherence length and the characteristic

length in the Ginzburg-Landau theory, ,\/( )= > {(3) > = [/&p is a dimensionless

n=0 (2+1) (2n+1+1//l)
electron mean free path which determines a disorder of the superconductor with nonmagnetic impurities.

Coeflicients ¢1,. and g2, are given as follows:
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In the above expressions, the notations for integrals which are determined by the kernels of linear integral
equations for the order parameter were used (see [31]).
In the presence of an external magnetic field, the phase difference between two superconductors
varies in the y direction and, as a result, there appears a component of the current in the direction of the
axis Oy. The dependence of the phase difference on the coordinates can be obtained from the relation

between the superfluid velocity U5 and the magnetic field H [4]

Jﬁsdf N Jﬁdi
m

As an integration area, we consider a parallelepiped, where one of its sides parallel to the axis Oy has
an infinitely small length dy and passes near the surface z = d/2 + 0. The opposite side is located at the
depth of the superconductor (we can assume s = 0 and H=0o0n it). The other two sides are parallel to
the axis Oz, and the unit vector normal to the surface is in the direction of the axis Ox. After the integration
we choose in a similar way the integration area in the left-hand superconductor, and then we can find a
jump of superfluid velocity through the junction. On the other hand, from the definition o5 = ﬁch - %/_{
we can find a jump of superfluid velocity in terms of phase difference and vector potential. Thus, the
expression that in a differential form determines the dependence of the coherent phase difference on the
coordinates in the presence of a magnetic field is as follows:

9 2ol (25 +d), (2.2)

where e is the electron charge, ¢ is the magnetic field penetration depth. Integrating relation (2.2) and
taking into account the direction of the applied magnetic field, we get

¢(y)=-2eHQ25+d)y + ¢p.

Substituting the above expression for the phase difference into (2.1)), one can obtain an expression for the
current density j = j (H, y, ¢o), taking into account the presence of an external magnetic field. In order
to find the total current through the superconducting junction, it is necessary to integrate the current
density over the entire area of the junction, taking into account its size. As a result, for the total current
as a function of the phase ¢ and magnetic field H, we have

1(H, ¢o) = dejdyj(H, Y> ¢0) - (2.3)
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Figure 2. Total current dependence of the magnetic flux and phase difference in SNINS junction.

Numerical integration of (2.3 makes it possible to analyze the effect of the junction parameters on
the dependence of the current on the magnetic flux. The corresponding graphical dependence of the total
current on the magnetic field and the phase difference is shown in figure [2] where the magnetic field H
is expressed through the total magnetic flux ® = HI (26 + d) and the notation for the magnetic flux
quantum @y = 5t/e is used.

As we can see in figure [2] with a change in the magnetic flux, there is an alternation of the maxima
and minima of the current, and the values of the maxima decrease with an increase of the magnetic flux.
For flux values ® equal to an integer number of fluxons @y, maximum current reduces to zero, which
corresponds to the result of the classical work [14]]. Comparing the figures shown above, it becomes
obvious that with the decrease of the electron transmission coefficient, the peaks of the current become
sharper, and the decrease in the electron free path leads to the decrease in their magnitude.

Let us now analyze how the maximum current that can be born by a short SNINS junction depends
on the magnetic field. Obviously, in order to find it, it is necessary to equate the phase ¢( derivative of
I (H, ¢o) to zero, that is, to find the critical value of the phase corresponding to the maximum current.
By making the calculations, one can obtain the graphical dependence of the maximum current in the
junction as a function of the magnetic flux. In figure [3] (a) the dependence of the maximum current as
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Figure 3. Magnetic field dependence of the maximum current (normalized to the maximum current in
the absence of a field) for SNINS junction.
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Figure 4. Dependence of the maximum current on the magnetic flux for different values of electron free
path.

a function of the magnetic flux is shown for the given value of the electron free path A, normal layer
thickness a but different values of electron transmission coefficient D. An examination of the figure
shows that with an increase of D, the maximum current in the junction becomes much more sensitive
to the change in the magnetic flux, which is especially noticeable at the initial values of the magnetic
flux. This phenomenon was shown in [24], where the SIS junction was considered. The dependence of
the maximum current on the magnetic flux for different values of the normal layer thickness a with a
fixed value of the electron transmission coefficient D and electron free path A is illustrated in figure[3](b).
As one can see, the presence of the normal layer also affects the sensitivity of the current to the change
in the magnetic flux — with a decrease of the normal layer thickness sensitivity of Ip.x(®) increases.
From the numerical analysis for D = 0.9 and ®/®( = 0.3, we find out that the maximum current of the
junction decreases by 4 times, and for D = 0.2 and the same magnetic flux value, this decrease is only
25%. As a result, using in the measuring technique of superconducting SNINS junctions with non-small
values of the electron transmission coefficient opens up new horizons in various fields of science. From
the analysis of figure [3] (b), one can conclude that with an increase of the normal layer thickness, the
maximum current value I,,x(®) begins to approach the value of the maximum current in the absence of
an external magnetic field /;,,x(0). Therefore, the corresponding graphs are higher. Let us now analyze
how the presence of non-magnetic impurities affects the magnitude of the maximum current.

Figure[d]displays the change of the magnitude and the shape of the maximum current with the change
in the electron free path for a given value of the electron transparency coefficient and the thickness of
the normal layer. One can see that an increase in the concentration of nonmagnetic impurities leads to
a noticeable decrease in the magnitude of the current maxima, while the form of the dependence shows
a small decrease in the sensitivity of the junction to the magnetic field. We can also consider numerical
comparisons. It is obvious that with a decrease in the electron free path from 4 = 1 to 4 = 0.1, the
maximum value Iy, (®) decreases by more than 4 times. As for the shape of the dependence Iy (®), for
the value of the flow ®/®y = 0.4 at A = 1, the maximum current decreases by 2.5 times the maximum
possible value, and when A = 0.1, the current decrease does not exceed 50%.

3. Conclusions

In this paper, the behaviour of the superconducting SNINS junction in an external magnetic field near
the critical temperature has been investigated. It has been found that the presence of the dielectric layer and
the normal region in the junction significantly affect the magnitude of the maximum current and the shape
of the current dependence on the magnetic field. The increase in the electron transmission coefficient has
an especially noticeable impact on the sensitivity of the maximum current to the change in the magnetic
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flux, which confirms the possibility of the practical application of such superconducting structures. In
addition, the effect of nonmagnetic impurities on the magnitude of the current was demonstrated. It
is shown that the change of the electron free path significantly affects the magnitude of the maximum
current in a junction, whereas the shape of the maximum current dependence on the magnetic flux
through the junction does not show significant changes. We can summarize that with an increase of the
electron transmission coefficient and a decrease of the normal layer thickness, when the depairing effects
are significant and the current-phase relation is anharmonic, the sensitivity of the junction to the change
in the magnetic flux increases. An interesting issue for a further research can be the behaviour of such
superconducting junctions in a magnetic field, taking into account the self-induced magnetic field caused
by the current passing through the junction.
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AocnipKeHHs BNANBY 30BHILUHbOrO MarHiTHOro nons Ha
MakcuManbHUia cTpyMm SNINS-KOHTaKTiB N06/1N3Y KPUTUNYHOI
TemMnepatypu

0.10. NMactyx, B.€. CaxHtok, A.B. CBiA3MHCHKWI

CxigHoEeBpONeicbKNiA HalioHanbHWIA yHiBepcuTeT iMeHi Jleci YkpaiHku, npocn. Boni, 13, 43000 Jlyubk, YkpaiHa

B po6oTi gocnigxeHo noBeAiHKy HaanpoBigHMX KoHTakTiB Ty SNINS 3 aHrapmoHiiiHoto cTpyM-¢$pa3oBoto 3ane-
XHICTHO Y 30BHILLIHBOMY MarHiTHOMy Nofi No6An3y KPUTUYHOI TemnepaTtypu. lMpoaHani3oBaHO 3an1eXHiCTb Ma-
KCMManbHOro CTPyMy Bif MOTOKY 30BHILLUHBOrO MarHiTHOro NoAs AN WMPOKOro iHTepBany 3MiHW KoedilieHTa
NPOXOJXEHHS eN1eKTPOHIB. TaKoX AOCAIAKEHO, AK BMINBAE HA YYTAUBICTb CTPYMY A0 3MiHWU MarHiTHOro NoToKy
HasiBHICTb HOPMabHOrO MPOLLAPKY AOBINbHOI TOBLUMHM B MacLuTabi AOBXMHW KOrepeHTHOCTI Ta HasABHICTb y
HaAMNPOBIAHUX 06NACTAX HEMATHITHUX AOMiLLIOK.

Kntouosi cnoBa: KOHTakT /k03e¢coHa, MakcumManbHuii CTPYM, MarHiTHUA NoTik, egpekTy po3napoByBaHHS
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