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Abstract

We demonstrate that Josephson devices with a nontrivial phase difference 0 < ¢g < 7 in the
ground state can be realized in structures composed of longitudinally oriented normal metal
(N) and ferromagnet (F) films in the weak link region. Oscillatory coupling across the F-layer
makes the first harmonic in the current—phase relation relatively small, while coupling across
the N-layer provides a negative sign of the second harmonic. To derive quantitative criteria for
a g-junction, we have solved the two-dimensional boundary-value problem in the frame of
Usadel equations for overlap and ramp geometries of S—-NF-S structures. Our numerical
estimates show that ¢-junctions can be fabricated using up-to-date technology.

(Some figures may appear in colour only in the online journal)

1. Introduction

The relation between the supercurrent /s across a Josephson
junction and the phase difference ¢ between the phases of
the order parameters of superconducting (S) banks is an
important characteristic of a Josephson structure [1, 2]. In
standard SIS structures with the tunnel type of conductivity
of a weak link, the current-phase relation (CPR) has the
sinusoidal form Is(¢) = A sin(¢). On the other hand, in SNS
or SINIS junctions with a metallic type of conductivity, the
smaller the temperature 7, the larger the deviations from
the sin(¢) form [1], and Is(p) achieves its maximum at
n/2 < ¢ <m. In SIS junctions the amplitude B of the
second harmonic in the CPR, Bsin(2¢), is of second order
in the transmission coefficient of the tunnel barrier I and
therefore negligibly small for all 7. In SNS structures the
second CPR harmonic is also small in the vicinity of the
critical temperature 7¢ of superconductors, where A ~ (T¢c —
T). At low temperatures T < Tc, the coefficients A and B

0953-2048/13/015005+15$33.00

have comparable magnitudes, thus giving rise to qualitative
modifications of the shape of the CPR with a decrease of 7.

It is important to note that in all the types of junctions
discussed above the ground state is achieved at ¢ = 0, since
at ¢ = 7 a junction is in a non-equilibrium state.

The situation changes in Josephson structures involving
ferromagnets as weak link materials. The possibility of the
so-called ‘m -state’ in SFS Josephson junctions (characterized
by the negative sign of the critical current Ic) has been
predicted theoretically and observed experimentally [2-29].
In contrast to traditional Josephson structures, in SFS
devices it is possible to have the ground state ¢, = 7
(so-called m-junctions), while ¢ = 0 corresponds to an
unstable situation. It was proved experimentally [30, 31]
that 7 -junctions can be used as on-chip m-phase shifters or
m-batteries for self-biasing various electronic quantum and
classical circuits. It was proposed to use 7 self-biasing to
decouple quantum circuits from the environment or to replace
conventional inductances and greatly reduce the size of an
elementary cell [32].

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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In some classical and quantum Josephson circuits it is
even more interesting to create on-chip g-batteries. They are
@-junctions, the structures having phase difference ¢, = @,
(0 < |p| < m) between superconducting electrodes in the
ground state. The ¢-states were first predicted by Mints [33]
for the case of randomly distributed alternating O- and
m-Josephson junctions along grain boundaries in high-T¢
cuprates with d-wave order parameter symmetry. It was shown
later that p-junctions can be also realized in a periodic array
of 0 and m SFS junctions [34, 35]. It was demonstrated
that depending on the length of 0 or m segments in the
array, a modulated state with the average phase difference
@y can be generated if the mismatch length between the
segments is small. This ¢, can take any value within the
interval —7 < @g < 7. The constraints on parameter spread
of individual segments in such arrays were estimated in [36].
Recently, remarkable progress was achieved in realization of
@-junctions consisting of only two parallel elements: 0 and
7 regions of different lengths [37-39]. Such junctions were
fabricated on the basis of Nb/CuNi heterostructures, they have
moderate normalized lengths and are magnetically tunable.
Recently ¢-states were predicted in junctions between
conventional superconductors and iron pnictides. [40].

In general, in order to implement a ¢-junction one has use
a Josephson junction having a non-sinusoidal current—phase
relation, which, at least, can be described by a sum of two
terms

Is(¢) = Asin(p) + Bsin(2¢). (D)

Moreover, the following special relationship between the
amplitudes of the harmonics of the CPR, A and B, is needed
for existence of an equilibrium stable state [41, 42]

1B > |A]/2, B <0. )

In conventional junctions, the magnitude of A is larger than
that of B and the inequalities (2) are difficult to fulfil.
However, in SFS junctions in the vicinity of the 0 to &
transition the amplitude of the first harmonic in the CPR
is close to zero, thus opening an opportunity for making a
@-battery, if B can be made negative. It is well known that SFS
junctions with a metallic type of conductivity, as well as SIFS
structures [43, 44] with high transparencies of SF interfaces,
have a complex decay length of superconducting correlations
induced into the F-layer &y = & + i&. Unfortunately,
the conditions (2) are violated in these types of junctions
due to the following dependence of coefficients A, B on
the junction length L: A ~ exp{—L/& }cos(L/&) , B ~
—exp{—2L/&}cos(2L/&;). As a result, the coefficient B is
positive for L = (/2)&; corresponding to the first O to &
transition.

Quantitative calculations made in the framework of
microscopic theory [45, 46] confirm the above qualitative
analysis. In [45, 46] it was demonstrated that in SFS
sandwiches with either clean or dirty ferromagnetic metal
interlayers the transition from the 0 to 7 state is of first order,
that is B > 0 at any transition point [3].

It was suggested recently in [47-52] to fabricate ‘current
in plane’ SFS devices having a weak link region consisting of

a) z
N
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Figure 1. (a) The S—-NF-S junction in the ramp-type geometry and
(b) the SN-FN-NS junction in the ramp-type overlap (RTO)
geometry.

NF or FNF multilayers with the supercurrent flowing parallel
to the FN interfaces. In these structures, superconductivity is
induced from the S banks into the normal (N) film, while
F films serve as a source of spin-polarized electrons, which
diffuse from the F-layer to the N-layer, thus providing an
effective exchange field in a weak link. Its strength can be
controlled [53, 54] by transparencies of NF interfaces, as well
as by the products of densities of states at the Fermi level,
NE, NN, and film thicknesses, df, dy . It was shown in [47-51]
that the reduction of effective exchange energy in a weak link
permits one to increase the decay length from the scale of
the order of ~1 up to ~100 nm. The calculations performed
in these papers did not go beyond a linear approximation in
which the amplitude of the second harmonic in the CPR is
small. Therefore, the question of the feasibility of ¢-contacts
in these structures has not been studied and remains open to
date.

The purpose of this paper is to demonstrate that the
same ‘current in plane’ devices (see figure 1) can be used as
effective @-shifters. The structure of the paper is as follows.
In section 2 we present a general qualitative discussion of
the microscopic mechanisms leading to formation of higher
harmonics in the CPR. In section 3 we formulate a quantitative
approach in terms of the Usadel equations. In section 4
the criteria of @-state existence are derived for a ramp-type
S—FN-S structure. Section 5 shows the advantage of the other
geometries in order to realize the ¢-state. Finally, in section 6
we consider properties of real materials and estimate the
possibility to realize ¢-states using up-to-date technology.

2. CPR formation mechanisms

In this section we shall discuss microscopic processes which
contribute to the formation of the CPR in Josephson junctions.
We will show that in junctions with a normal interlayer the
coefficient A in equation (1) is positive and the coefficient B
is negative, while in SFS junctions the coefficient B becomes
positive near the point of the O to 7 transition.

The physical reason leading to the sign reversal of the
coefficient B in SFS junctions compared to that in SNS
structures can be understood from the simple diagram shown
in figure 2, illustrating the mechanisms of supercurrent
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Figure 2. Diagrams of the processes forming the first (a) and
second (b) harmonics of the CPR in the SNS and SFS structures.

transfer in double-barrier Josephson junctions. Consider an
electron-like quasiparticle e~ propagating across a SINIS
structure towards the right electrode. This quasiparticle can
be reflected either in the Andreev or in the normal channel.

The result of the first process (see figure 2(a)) is
generation in the weak link region (with an amplitude
proportional to exp(ix2)) of the hole At propagating in
the opposite direction. Andreev reflection of this hole at
the second interface (with an amplitude proportional to
exp(—ix1)) results in transfer of a Cooper pair from the
left to the right electrode with a rate proportional to the net
coefficient of Andreev reflection processes [55, 56] at both
SN interfaces, AR(¢) = a(p) exp(ip), ¢ = (x2 — x1).- The
amplitude, «(¢), depends on the geometry of the structure and
on material parameters. Note that for given values of these
parameters (@) = a(—¢), according to the detailed balance
relations [55]. Similar considerations show that a quasiparticle
e~ moving towards the left electrode generates a Cooper
pair propagating from the right to the left interface with a
rate proportional to AR(—¢) = a () exp(—i¢p). The difference
between the two processes described above determines a
supercurrent /s, which is proportional to sin(¢).

The result of the second process is the change (with an
amplitude proportional to exp(ixz2)) of the e~ propagation
direction to the left electrode and nucleation of a Cooper
pair and a hole propagating to the right electrode (with an
amplitude proportional to exp(—ig)). After normal reflection
from the right interface (with an amplitude proportional
to exp(ix2)) the hole arrives at the left SN interface and
closes this Andreev loop by generating a Cooper pair in
the left electrode and an electronic state (with an amplitude
proportional to exp(—ix1)). The Cooper pair has to undergo
a full reflection at the SN interface, thus again a pair is
generated moving in the direction opposite to that in the main
Andreev loop. The net coefficient of this Andreev reflection

process is BR(¢) = B(¢) exp(2ip). For a quasiparticle e~
moving in the weak link towards the left electrode the same
consideration leads to generation of two Cooper pairs moving
from the left to the right with a rate proportional to BR(—¢) =
B(¢) exp(—2igp). The difference between these two processes
determines a part of the supercurrent Is proportional to
sin(2¢).

As follows from the above arguments, in junctions with
a normal interlayer supercurrent, components proportional to
sin(¢) and sin(2¢) have opposite signs, and the coefficient
B in equation (1) is negative. This statement is in full
agreement with calculations of the CPR performed in the
frame of the microscopic theory of superconductivity [1,
2]. Tt is valid if a supercurrent across a junction does not
suppress superconductivity in S electrodes in the vicinity of
SN interfaces [57-59]. In addition, an effective path of the
particles in the second process discussed above is two times
larger than in the first one. This leads to stronger decay of the
second harmonic amplitude B with increasing distance L.

In SFS junctions the situation becomes more compli-
cated. The exchange field, H, in the weak link removes the
spin degeneracy of the quasiparticles. As a result, one has
to consider four types of Andreev loops instead of the two
loops discussed above. One should also take into account
the fact that the wave function of a quasiparticle propagating
through the weak link acquires an additional phase shift ¢y
proportional to the magnitude of the exchange field [60].
The sign of ¢y depends on the mutual orientations between
magnetization of the ferromagnetic film and the spin of a
quasiparticle. Taking into account these phase shifts and
repeating arguments similar to given above, one can show
that the coefficients A and B in equation (1) acquire additional
factors cos(2¢y) and cos(4¢y), respectively. At the point of
the 0 to m transition the coefficient A = 0, that is ¢y = 7 /4.
As a result, cos(4gy) provides an additional factor which
changes the sign of the second harmonic amplitude B in SFS
structures from negative to positive.

In the present study we will show that, in contrast to
SFS devices with a standard geometry, it is possible to realize
@-junctions in the structures shown in figure 1. Qualitatively,
these structures are superpositions of parallel SNS and SFS
channels, where the supercurrent Is(¢) can be decomposed
into two parts, In(¢) and Ir(p), flowing across N and F films,
respectively. For L « &y and at sufficiently low temperatures
In(p) has a large negative second CPR harmonic By. For
L > & the supercurrent in the SFS-channel exhibits damped
oscillations as a function of L. In this regime the second
harmonic of the CPR is negligibly small compared to the
first one. The large difference between the decay lengths of
superconducting correlations in N and F materials allows one
to enter the regime when §; < L < &N. In this case the first
CPR harmonic A = AN + Af can be made small enough due
to the negative sign of Ap, while the second CPR harmonic
B =~ By is negative, thus making it possible to fulfil the
condition (2). Note that we are considering here the regime of
finite interface transparencies, when higher-order harmonics
decay fast with the harmonic order. Therefore, it is sufficient
to consider only the first and second harmonics of the CPR in
all our subsequent discussions.
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We show below that the mechanism described above
indeed works in the considered S—-FN-S junctions, and we
estimate the corresponding parameter range when ¢-states can
be realized.

3. Model

We consider two types of symmetric multilayered structures
shown schematically on figure 1. The structures consist of a
superconducting (S) electrode contacting either the end-wall
of a FN bilayer (ramp-type junctions) or the surface of F or
N films (overlap junction geometry). The FN bilayer consists
of ferromagnetic (F) film and normal metal (N) having
thicknesses dr, and dn respectively. We suppose that the
conditions of a dirty limit are fulfilled for all metals and that
the effective electron—phonon coupling constant is zero in the
F and N films. For simplicity we assume that the parameters
yBN and ygf, which characterize the transparencies of NS and
FS interfaces,

RenAgN psés
YBN = ,
PNEN PNEN 3)
RerAr __ psés
YBEF = —— 0
PFEF PF&F

are large enough in order to neglect suppression of
superconductivity in the S parts of the junctions. Here RN,
RBr, Agn and Agp are the resistances and areas of the SN
and SF interfaces, &s, & and &p are the decay lengths of S, N
and F materials and pg, pn and pp are their resistivities.

Under the above conditions the problem of calculating the
supercurrent in the structures reduces to solution of the set of
Usadel equations [3, 4, 61]

E2Ta [, [ , 0 )
> | —|G2—a —|G2—d, || - —, =0,
G, |ox| “ox ” +8z o T xTc ”
& 4)
G, =

@ + @,PF

where &, and G, are Usadel Green’s functions in &
parametrization. They are ®,, v and G, N or ®,, F and G, r
in the N and F films respectively, w = nT(2m + 1) are
Matsubara frequencies (m = 0,1,2,...), ® = w + iH, H
is the exchange field of the ferromagnetic material, &2 =
51%1,1: = DN r/2n Tc for the N-layer and F-layer respectively,
and DN are diffusion coefficients. To write equations (4),
we have chosen the z and x axis, respectively, in directions
perpendicular and parallel to the plane of the N film and
we have set the origin in the middle of structure at the free
interface of the F film (see figure 1).

The supercurrent Is(¢) can be calculated by integrating
the standard expressions for the current density jn p(@, z) over
the junction cross-section:

2ejn.r(9, 2)

T
_ v iG2 o aopiw_q)* 3D,
“ dx @ ax |’ ®)

dp dp+dn
Is(p) = W/o Jr(p,2)dz + W/(; In(p, )W dz,
F

~2
w=—00 pN»FwN,F

where W is the width of the junctions, which is supposed
to be small compared to the Josephson penetration depth. It
is convenient to perform the integration in (5) in the F-layer
and N-layer separately along the line located at x = 0, where
the z-component of the supercurrent density vanishes by
symmetry.

Equation (4) must be supplemented by the boundary
conditions [62]. Since these conditions link the Usadel
Green’s functions corresponding to the same Matsubara
frequency w, we may simplify the notations by omitting the
subscript w. At the NF interface the boundary conditions have
the form

G0 G (o By
YBENSF 5~ G \Prmoon)
BCDN GF w
YBNFEN—— = — (CDN - TQJF) , (6)
0z GN D)
RBENABEN PFER
YBFN = ——_—— = VBNF s
PFEF ONEN

where Rgpn and Aggn are the resistance and area of the NF
interface.
The conditions at free interfaces are

0dN _0 0P _
on an

The partial derivatives in (7) are taken in the direction normal
to the boundary, so that n can be either z or x depending on the
particular geometry of the structure.

In writing the boundary conditions at the interface with a
superconductor, we must take into account the fact that in our
model we have ignored the suppression of superconductivity
in electrodes, so that in the superconductor

0. @)

s

w

Og(£L/2) = Aexp(Fip/2), ﬁ,
W

Gs =

®)

where A is the magnitude of the order parameter in S banks.
Therefore for NS and FS interfaces we may write

odN

G
yENEN = = 2 (@n — Bs(£L/2)), (9a)
n GN
BIofs _ Gs 10}
VBFSFW = a <<DF - 5<I>S(:I:L/2)> . (9b)

As in equation (7), n in equations (9a) and (9b) is a normal
vector directed into the material marked at the derivative.

For the structure presented in figure 1(a), the boundary-
value problem (4)—(90) was solved analytically in the linear
approximation [50, 51], i.e. under conditions

GN = sgn(w), Gr = sgn(w). (10)

In the present study we will go beyond the linear
approximation where qualitatively new effects are found.

4. Ramp-type geometry

The ramp-type Josephson junction has the simplest geometry
among the structures shown in figure 1. It consists of the NF
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bilayer, laterally connected with superconducting electrodes
(see figure 1(a)).

In general, there are three characteristic decay lengths in
the considered structure [47, 50, 71]. They are én, &g = &1 +
i& and ¢ = 1 +i¢p. The first two lengths determine the decay
and oscillations of superconducting correlations far from the
FN interface, while the last one describes their behavior in
its vicinity. A similar length scale { occurs in a vicinity of
a domain wall [63-71]. In the latter, the exchange field is
averaged out for antiparallel directions of magnetizations, and
the decay length of superconducting correlations becomes
close to &n. At the FN interface, the flow of spin-polarized
electrons from F to N metal and reverse flow of unpolarized
electrons from N to F suppresses the exchange field in its
vicinity to a value smaller than that in a bulk ferromagnetic
material, thus providing the existence of ¢. Under a certain
set of parameters [47] these lengths, ¢ and &>, can become
comparable to &N, which is typically much larger than &; and
&>, which are equal to &g/ Tc/H for H > nTc.

The existence of three decay lengths, &N, ¢ and &p,
should lead to the appearance of three contributions to the
total supercurrent, Iy, Irn and g, respectively. The main
contribution to the Iy component comes from a part of
the supercurrent uniformly distributed in a normal film.
In accordance with the qualitative analysis carried out in
section 2, it is the only current component which provides
a negative value of the amplitude of the second harmonic
B in the current—phase relation. The smaller the distance
between electrodes, L, the larger this contribution. To realize
a @-contact, one must compensate for the amplitude of the
first harmonic, A, in a total current to a value that satisfies the
requirement (2). The contribution to A from Iy also increases
with decreasing L. Obviously, it is difficult to suppress the
coefficient A due to the Ipn contribution only, since IgN
flows through thin near-boundary layer. Therefore, the strong
reduction of A required to satisfy the inequality (2) can only
be achieved as a result of compensation of the currents Iy and
Ir flowing in opposite directions in N and F films far from
the FN interface. Note that the oscillatory nature of the Ir(L)
dependence allows us to satisfy requirement (2) in a certain
range of L. The role of IpN in a balance between Iy and If
can be understood by solving the boundary-value problem
(4)-(9b), which admits an analytic solution in some limiting
cases.

4.1. Limit of small L

The solution of the boundary-value problem (4)—(9b) can
be simplified in the limit of a small distance between
superconducting electrodes

L <« min{&q, én}. an

In this case one can neglect non-gradient terms in (4) and
obtain that contributions to the total current resulting from the
redistribution of currents near the FN interface cancel each
other, leading to Ipny = O (see appendix A for the details). As

a result, the total current Is(¢) is a sum of two terms only

Is(p) = In(9) + Ir(9),

2eln(p) 1 i A%GNGs sin(g) (12)
7TWdN  yBNSNPN = w? '
el 1 X, A’GNGssi
elp(¢) _ Z N ism(@’ (13)
7TWdr  yBREROF S, ®
_ w
where GN = —\/m. The currents In(¢) and Ir (@)

flow independently across the F and N parts of the weak
link. The In,p(¢) dependences coincide with those calculated
previously for double-barrier junctions [62] in the case when
L lies within the interval defined by the inequalities (11).

It follows from (12), (13) that in the considered limit
neither the presence of a sharp FN boundary in the weak link
region, nor the strong difference in transparencies of SN and
SF interfaces, lead to intermixing of the supercurrents flowing
in the F and N channels. It is also seen that the amplitude of
the first harmonic of the Ir(¢) current component is always
positive and the requirement (2) cannot be achieved.

4.2. Limit of intermediate L

For intermediate values of spacing between the S electrodes

£l K LK EN (14)

and for values of suppression parameters at SN and
SF interfaces satisfying the conditions (3), the boundary
problem (4)—(9b) can be solved analytically for a sufficiently
large magnitude of suppression parameter ygpn. It is
shown in appendix B that under these restrictions in the
first approximation we can neglect the suppression of
superconductivity in the N film due to proximity with the
F-layer and find that

AGgsin (£
dn = Acos (g) +iS—G(2)§,
YBNON N
w (15)

@ + AZcos? (%)

while the spatial distribution of ®g(x, z) includes three terms:
the first two describe the influence of the N film, while the last
one has the form well known for SFS junctions [2—4].

Substitution of these solutions into the expression for the
supercurrent (5) leads to a Is(¢) dependence consisting of
three terms

GN =

Is(p) = In(9) + Ir(¢) + Irn(9)- (16)

Here IN(¢) is the supercurrent across the N-layer. In the
considered approximation In(¢) is given by the expression
(12). The second term in (16) equals the supercurrent
across the SFS double-barrier structure in the limit of small
transparencies of SF interfaces [72, 73]

2elp(p)  A’sin(p) & G3
TTWde  ygpéroF ,5=h w2/ sinh(24y)

.
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where g1 = Lv/$/28r, @ = Q] + iHsen(Q)/nTc, Q =
w/rTc.

The last contribution is shown in appendix B to contain
three components

Ien (@) = Iren1 (@) + IEn2 (@) + Ien3 (@) (18)

with additional smallness parameters yI;FlN and )/B_FleF/SN
compared to the current Ip(¢) given by equation (17).
Nevertheless, these currents should be taken into account
in the analysis because they decay significantly slower than
Ir(p) with increasing L.

4.3. @-state existence

The conditions for the implementation of a ¢-contact are
better, the larger the relative amplitude of the second
harmonic, which increases at low temperatures. Therefore,
low-temperature regime is most favorable for a g-state. In the
limit 7 <« Tc we can go from summation to integration over
win (12), (17), (B.15)—(B.17). From (12) we have

2eln(p) A
Wdn  yBNENON

where K (x) is the complete elliptic integral of the first kind.
Expanding expression (19) in a Fourier series it is easy to
obtain

8 1
Ay = Qo—/ VT = 2K (0 dx = T4 0o,
7 Jo

32 1
By =24x - 0 / VT = 2K () dx = T30,
0
@1

K (sin %) sin(g), (19)

(20)

where Qg = AWdn/eysNENPN, AN, BN are the first and the
second harmonic amplitudes of In(¢), and

272

Y= — 2 0973,

rz-hrad
p=21s— Er (L L 2 4 1) ~ 0146
5=2Ta—3F (3. 5. 5: L4 1) >-0.146,

where I'(z) is the Gamma function and , F}; is the generalized
hypergeometric function.

Evaluation of the sums in (17), (B.15)—(B.17) can be done
forH > nTc and T K Tc, resulting in Ir(¢) = AF sin(¢) with

2 b4
Af = Py——= exp(—«kL) cos (KL + Z> , (22)

Jh
« = Vh/2€r, h = H/nTc and Py = AWdr/eygpérpr.

Substitution of (20) and (21) into the inequalities (2) gives
@-state requirements for ramp-type structure

hygE d
< 2|Ygl, & = mw 23)

1
T4+ -W(L) ,
€ 2yBN dréNPN

T
W(L) = exp(—«L) cos (KL n Z> .

This expression gives the limitation on geometrical and
material parameters of the considered structures, providing

the existence of the ¢-junction. Function W (L) has the first
minimum at kL = /2, V(7 /2x) ~ —0.147.

It is convenient to formulate the conditions for the
realization of @-junctions in terms of the dimensionless
parameter ¢ introduced in equation (23), as will be done below
in this paper.

For large values of ¢, inequality (23) cannot be fulfilled at
any length L. Thus solutions exist only in the area with upper
limit

—W (1 /2k)
E< ———
Ta —2|7p|

At ¢ =~ 0.216 the left-hand side of inequality (23) equals its
right-hand part, providing the nucleation of an interval of
kL in which we can expect the formation of a g-contact.
This interval increases with a decrease of ¢ and achieves its
maximum length

~ 0.216. 24)

1.00 < kL < 2.52, (25)

_ V@20 :
at & = opp, 0.116. It is necessary to note that at

e = —W(w/2x)/ Y4 ~ 0.151 there is a transformation of the
left-hand side local minimum in (23), which occurs at kL =
/2, into a local maximum; so that at ¢ & 0.116 both sides
of (23) become equal to each other, and the interval (25) of
@-junction existence subdivides into two parts. With a further
decrease of ¢, these parts are transformed into narrow bands,
which are localized in the vicinity of the O to  transition point
(AN + Ar = 0); they take place at kL = /4 and kL = 5 /4.
The widths of the bands decrease with a decrease of ¢.
Thus, our analysis has shown that for

0.12<e<02 (26)

we can expect the formation of a @-junction in a sufficiently
wide range of distances AL between the -electrodes
determined by (23). Now we will take into the account
the impact of the interface term Irn(¢). In the considered
approximations, it follows from (B.15) to (B.17) that

2Uo&r exp(—%f) cos(& — Z)

Ini (9) = LT sin(e), (27
V2Uokr : . @
IFNz(@) = —m sm(gp)K (sm 5) . (28)
2Ug exp(— ") sin(*) .
Iena(0) = — e sin()K (sin 7).
(29)

where Uyp = AW/eyspnpr. In the range of distances between
the electrodes 7 /4 < kL < 57 /4 currents Ipn2 (@) and Ipn3z (@)
are negative. These contributions have the same form of
the CPR as it is for the IN(¢) term, and due to negative
sign suppress the magnitude of supercurrent across the
junction, thus making the inequality (23) easier to satisfy. The
requirement B < 0 imposes an additional restriction on the
value of the suppression parameter yggN

PNEN ér VBN
Bt )
hdxpr \ ENyBENA YBF

VBFN > 30)
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Figure 3. Analytically derived amplitudes A and B in the CPR of
the ramp S—-NF-S structure (dy = 0.1&x, dp = 0.65&y) and their
components AN, Ar and Apn versus electrode spacing L at

T = 0.7Tc. Also the enhanced interval of the gp-state, AL, is
marked.

In the derivation of this inequality we have used the fact that
for the range of distances between the electrodes w /4 < kL <
57 /4 the factor exp(—%) sin(%) in (29) is of the order of
unity. It follows from (30) that for a fixed value of ygpN the
domain of ¢-junction existence extends with an increase of
thickness of normal films dy and this domain disappears if dy
becomes smaller than the critical value, dnc,

dne = PNEN < &p _I_@)
horysen \ényBenh'/2  yer /)

The existence of the critical thickness dnc follows from the
fact that the amplitude B in Iy is proportional to dn, while
in the IpN term the parameter B is independent of dn. The
sign of IgN1 () is positive for 7/4 < kL < 37 /4 and negative
for 3w /4 < kL < 5m /4, thus providing an advantage for a
@-junction realization for the lengths which belong to the
second interval.

Figure 3 illustrates our analysis. The solid line in figure 3
is the modulus of the amplitude of the first harmonic in the
CPR as a function of distance L between S electrodes. It is
the result of the summation of the two contributions following
from equations (17) (dash-dotted line) and (12) (dashed line).
The dash—dot-dotted line in figure 3 is the amplitude of
the second harmonic of the CPR following from (12). The
dotted line is Irn(L) calculated from (18), (B.15)-(B.17). All
calculations have been done for a set of parameters dy =
0.1&N, dr = 0.65&x, N = 0.1, vgr = 1, ¥anE = 10, & =
0.1én, oy = pr, T = 0.7Tc, H = 107Tc. These parameters
are close to those in the real experimental situation. All the
amplitudes were normalized by the factor (2epon/(WT¢))™ L1t
is evident that there is an interval of L for which the currents
in the N-layer and F-layer flow in opposite directions. As a
result of the addition of these currents the points of the O
to 7 transitions start to be closer to each other. It is seen
that in the entire region between these points, the inequality
(2) is fulfilled. This is exactly the L-interval, inside which a
@-junction can be realized. It is also seen that contribution of
the Ipn part into the full current is small and in accordance
with our analysis does not play a noticeable role.

€29

10
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Figure 4. Numerically calculated CPR amplitudes A and B in the
CPR of the ramp S—NF-S structure (dy = 0.1én, dr = 1.06&N) and
their components An, Ar, BNy and B versus electrode spacing L at
T = 0.7T¢. In correspondence with figure 3 parameters are chosen
to form an enhanced ¢-state interval marked by ‘AL’.

0,1

0,01

|Amplitude 2ep J(WT )|

Figure 5. Numerically calculated CPR amplitudes A and B versus
electrode spacing L for S-FN-S structures with dp = 1.06&N (solid
and dashed lines respectively) and dr = 1.4&n (dash-dotted and
dotted lines). It is clear that the enhanced g-interval AL; formed in
the first case is much larger than the pair of ordinary g-intervals
AL, and ALj in the second case.

The boundary problem (4)-(9b) has been solved
numerically for the same set of junction parameters except df.
The results of calculations for dp = 1.06&N and dp = 1.4éN
are shown in figures 4 and 5. The solid lines in figure 4 are
the modulus of the amplitudes of the first, A, and the second,
B, harmonic of the CPR as a function of distance L between S
electrodes. The dashed and dash-dotted lines demonstrate the
contributions to these amplitudes from the currents flowing
in the N and F films, respectively. All the amplitudes were
normalized by the same factor (2epn/ (WTc))~ L. It is seen
that the main difference between the analytical solutions
presented in figure 3 and the curves calculated numerically
are located in the region of small L. It is also seen that the
amplitudes of the first and second harmonics of the part of the
current flowing in the N film slightly decay with an increase
of L. The points of the 0 to m transition of the first harmonic
amplitude of the part of the current flowing in the F-layer is
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slightly shifted to the right, towards larger L. It is also seen
that the amplitude of the second harmonic, Br, in the interval
of interest in the vicinity of L ~ 0.2&N is negligibly small
compared to the magnitude of By. As a result, the shape of
the A(L) curves in figures 3 and 4 is nearly the same, with a
slightly larger interval of @-junction existence for the curve
calculated numerically.

Figure 5 demonstrates the same A(L) and B(L)
dependences as in figure 4 (solid and dashed lines) together
with A(L) and B(L) curves calculated for dp = 1.4&N
(dash-dotted and dotted lines). It is clearly seen that for larger
dr we get out of the interval (26) and instead of a relatively
large zone AL; may have a g-junction in two very narrow
intervals ALy and ALj3 located in the vicinity of the 0 to &
transitions of the first harmonic amplitude A.

5. Ramp-type overlap (RTO) junctions

The conditions for the existence of the ¢-junction, (25) and
(26) can be improved by slight modifications of the contact
geometry, namely, by using a combination of ramp and
overlap configurations, as is shown in figure 1(b). Figure 6
demonstrates the numerically calculated spatial distribution of
the supercurrent in the RTO ¢-junction at the Josephson phase
¢ = /2. The current density is presented by the darkness
and the arrows give flow directions. The relative smallness of
the first harmonic amplitude is provided by opposite currents
in the N and F films. The main feature of the ramp-overlap
geometry is seen to be a specific current distribution in the
normal layer leading to another CPR shape with dependence
on thickness dy. Furthermore, the current Iy should saturate
as a function of dy, since normal film regions located at
distances larger than &y from the SN interface are practically
excluded from the process of supercurrent transfer due to
the exponential decay of proximity-induced superconducting
correlations [74]. The specific geometry of the RTO structures
makes theoretical analysis of the processes more complex
than in ramp contact. Nevertheless, it is possible to find
analytical expressions for the supercurrent in these structures
and to show that the range of parameters providing the
existence of the ¢-state is broader than in the ramp-type
configuration.

To prove this statement, we consider the RTO structure in
the most practical case of a thin N film

dN < &N (32)

and sufficiently large yppn providing negligibly small
suppression of superconductivity in the N film due to
proximity to the F-layer. We will assume additionally that the
electrode spacing L is also small

L K &N, (33)

in order to have a non-sinusoidal CPR. Under these conditions
we can at the first step consider the Josephson effect in the
overlap SN-N-NS structure. Then, at the second step we
will use the obtained solutions to calculate the supercurrent
flowing across the F part of the RTO structure. The details of

Figure 6. Current distribution along the RTO-type SN-FN-NS
structure at L = 0.63&N, dn = én, dp = 26 and T = 0.7T¢. The
intensity of gray color shows the current density in the direction
indicated by arrows.

the calculations are summarized in appendices C and D. They
give that the supercurrent

Is(¢) = In(@) + Ir(@) + Ien(@)

consists of three components. The expression for the part of
the current flowing across the N film has the form

2eln(p) 2

7TWdn  pNEN/VBM

y Z r“§“sin p/(2ysm + Gs) (35)

w=—00 \/ZQMZ( Q2+ r282 + )

(34)

where r = Gs/(Qysm + Gs), yBm = yBNdN/EN and p =
V2 + r282c0s2(9/2), 8 = A/nTc.

The Ir(¢) term in (34) is the current through the
one-dimensional double-barrier SFS structure defined by
equation (17), while Irn(¢) is the FN interface term shown
in appendix D. We provide sufficient smallness and neglect it
in the following estimations.

As we discussed above, the larger the relative amplitude
of the second harmonic (or the lower the temperature of a
junction compare to T¢), the better the conditions for the
implementation of a g-contact. In the limit 7 <« Tc, we can
transform from summation to integration over w in (35) and
calculate numerically the dependence of amplitudes A and B

2WA

AN = Ya, (36)
€PONVBN
2WA
€ONYBN

on the suppression parameter ygmy. The calculated depen-
dences of functions Y4(ysm) and Yp(ygMm) are presented
in figure 7. It is seen that both T4 and |Yp| increase with
increasing ypym and saturate at ygy = 1. The inset in figure 7
shows the ratio of the harmonics |Yp/Y4| as a function
of ypm. It achieves a maximum at ygyv ~ 0.64 and thus
determines the optimal values of normalized amplitudes of the
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Figure 7. Coefficients Y4 (solid line) and Yp (dashed line) in
equations (36)—(37) as a function of suppression parameter ygm-.
Inset shows the ratio | Yp/Y4| versus ygm.

first, Y4 &~ 0.844, and the second, Yp ~ —0.175, harmonics
of the current flowing in the N-layer. It is seen from the inset in
figure 7, that the ratio | Yg/ Y4| is a slowly decreasing function
of ypm. Therefore, the estimates given below for ygm = 0.64
are applicable in a wide parameter range 0.5 < ypym < 10.

Taking into account these values, we can write down the
conditions for ¢-state existence similar to (23)

e — \/EV]%F EFpF
BN depn’ (38)
W (L) = exp(—«L)cos (KL + Z) ,

1
‘TA + E‘IJ(L) <2|Ygl,

with a slightly modified dimensionless parameter . The wide
region of the ¢-state still exists if ¢ is within the interval

0.123 < ¢ < 0.298 (39)

for kL that satisfies the conditions (38). As follows from (38),
the interval of the x L product reaches its maximum length

0.94 < kL < 2.72, (40)

at ¢ = 0.123. It is seen that these intervals are slightly larger
than those given by (25) for the ramp-type geometry.

Figure 8 shows the interval of ¢-state existence, AL, in
the ideal case of T <« Tc, ysm = 0.64 and ¢ = 0.123. The
corresponding set of parameters dy = 0.64éN , dp = 1.45§nN,
vBN = 1, yBr = 1, éF = 0.1&x, on = pp, H = 10T¢ was
substituted in (17) and (35). The solid line is the modulus
of the first harmonic amplitude, A, its normal, AN, and
ferromagnetic, A, parts, presented by dashed and dash-dotted
lines respectively. Finally, the second harmonic amplitude
is shown as a dash—dot-dotted line. It is clear that |A]| is
relatively small in the wide region AL and reaches the value
of |2B] only at the local maximum. The increased width of
AL (see equations (25) and (40)) is provided by the geometric
attributes of the RTO-type structure.

Let us illustrate the range of nontrivial ground state phase
@, existence in the structure described in figure 8. The total
supercurrent Ig is shown on figure 9 as a function of Josephson
phase ¢ and electrode spacing L. It means that each L-section
of this 3D graph is the CPR. Solid lines mark the ground
state phases at each L. In the range of small and large spacing

50.0

=)
|_
S 100f "
£ 500
N
<
3 B
= 1.0,_' __________________
3
= 05}

00 0. ' 4 0.6 0.8

Llg,

Figure 8. The amplitudes of the CPR harmonics A, An, Ar and B
versus electrode spacing L for the RTO structure at

T <« Tc, ysm = 0.64 and ¢ = 0.123. The mark ‘AL’ shows the
enhanced @-state interval.

L, the ground state phase is located at ¢, = 0. However, in
the A L-interval the CPR becomes significantly non-sinusoidal
and requires the ground state phase g to split and go to
from both sides; then the m-state is realized at kL = 7/2.
Clearly, for & 2 0.123 the value g = 7 cannot be reached
(see figure 9(a)), while in the case of ¢ < 0.123 the prolonged
m-state region is formed (see figure 9(c)).

6. Discussion

We have shown that the stable ¢-state can be realized in
S—NF-S structures with longitudinally oriented NF-bilayers
(though the ¢-state cannot be achieved in conventional SNS
and SFS structures). We have discussed the conditions for
realization of the ¢-state in ramp-type S—-NF-S and RTO-type
SN-FN-NS geometries.

Let us discuss the most favorable conditions for
experimental realization of the @-junction. We suggest using
copper as a normal film (§y &~ 100 nmand p = 5x 1078 Q@ m)
and a strongly diluted ferromagnet such as FePd or CuNi
alloy (ér &~ 10 nm, H =~ 10T¢) as the F-layer. We chose Nb
(Tc = 9 K) as a superconducting electrode material since it
is commonly used in superconducting circuit applications. We
also propose to use a sufficiently thick normal layer, above the
saturation threshold, when the N-layer thickness has almost no
effect. After substitution of the relevant values into (39) and
(40) we arrived at fairly broad geometrical margins, within
which there is a possibility for implementation of ¢-junctions

dx 2 50 nm, 60 nm < dp < 150 nm,

41
7nm S L <22 nm. “h

Finally, the last out-of-plane geometrical scale is set as
W = 140 nm. This value maximizes the current and conserves
the scale of the structure in a range of 100 nm. The magnitude
of critical supercurrent in the @-state is determined by the
second harmonic amplitude B

2WA
€PNYBN

Ic ~ By = Tp ~ 1 mA. “42)
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Figure 9. The full current /g versus Josephson phase ¢ and
electrode spacing L for the RTO structure at T < T¢, ygm = 0.64
and at different F-layer thickness parameters (a) ¢ = 0.137, (b)

& =0.123 and (c) € = 0.111. The lines mark the ground state phase

Pg-

The spreads of geometrical scales as well as the magnitude of
critical current are large enough to be realized experimentally.

By creating the ¢-state in a Josephson junction one
can fix a certain value of ground state phase ¢,. The
temperature variation slightly shifts the interval of relevant
0 to & transition and permits one to tune the desired ground

state phase. Furthermore, the sensitivity of the ground state
to an electron distribution function permits ¢-junctions to
be applied as small-scale self-biasing one-photon detectors.
Moreover, a quantum double-well potential is formed at
the point of ground state splitting, providing the necessary
condition for quantum bits and quantum detectors. To
summarize, Josephson ¢-junctions can be realized using
up-to-date technology and may become important basic
elements in superconducting electronics.
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Appendix A. Ramp-type junctions. Limit of small L

In the limit of small spacing between S electrodes
L < min{éF, én} (A.1)
we can neglect non-gradient terms in (4)

0
(bt & e

—R
F,N ax F,N)

(¢

9 9
—U —(GE\—U =0, (A3
FN7L F,N>+ 8Z< NG F,N) (A.3)

a

0x
]

ox

+3
0z

0
—RF,N> =0, (A2)
0z

and introduce four functions

®f = Rf + iUF, ®N = RN +i1Un, (A4)

where, i is the imaginary unit, Rr and Ry are even functions
of coordinate x, and Ug and Uy are odd in x. Due to the
symmetry at x = 0
OREN
ax

for any coordinate z, and it is convenient to rewrite boundary
conditions (9a) and (9b) at x = L/2 in the form

0, Ugn =0 (A.S5)

OR G
yBNsNa—N = 25 (Acos(p/2) — Ry). (A.6)
X GN
oR G D
Vergr - = o (9Ac0s<¢/2> - RF) . (AT
X G]: w
10) G
yBNsNa—N = 23 (Asin(p/2) — Un), (A8)
X GN
aU, G D
yBFépa—F _ s (EA sin(g/2) — Up) . (A9)
X Gg \w

At the NF interface the boundary conditions transform to

ORE GN w

TF N re—ZRy).  (A10
YBENEF a2 Gr ( P N) ( )

3RN GF w

ONN _ OF (o — PR . Al
YBNFEN o GN< NT = F) ( )
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dUp GN
VBFNEF— = (UF — —UN> (A.12)
0z GF
aU, G w
VBNFSN—N =2F (UN - TUF> . (A.13)
0z GN D)

From (A.5) and (A.6)—-(A.9) it follows that for ygp and
ypN Within the interval

L EN L &1

— <K< N K —, — <KL —,

N L & L
we can neglect Un . on the left-hand side of (A.8) and (A.9).
Moreover, in this approximation, for any point inside the
weak link region Rgn > Upn and the boundary problem
(A.2)—(A.13) for functions R and Ry can be solved, resulting
in

(A.14)

10}
—Acos(p/2) (A.15)
w

RN = Acos(¢/2), Ry

and
w
Vo + A2cos2(¢/2)

Therefore under conditions (A.14) both Gy and G are
functions independent of coordinate x, z and the equations for
Ur n~ transform to Laplace equations, which have the solutions

Gn =Gf =

(A.16)

Asin(p/2) G 2n+1
Un = (¢/2) SX+Z N(n )x
8N GNEN o
2 1)(z — dn — 4
« cosh T2t )(ZL N dp) (A17)
Assin(¢/2) @ Gs x
Up= —— 22228 2
vBF o GpéF
2 1 2 1
+2 Zb sin (”+ X osh T2 DZ s 1)

They automatically satisfy the boundary conditions at z = 0
and dN—+dr, as well as at x = 0 and L/2. To find the integration
constants a, and b, we have to substitute (A.17) and (A.18)
into (A.12) and (A.13) and get

A sin(¢/2)Gs O yeNEFL,
Qnt1)d
GNP cosh ==X
L @+ Dy
L
A sin(¢/2)Gs O yBNFENTy
Gn B cosh L4 (2"2’1)@

2 1)d
tf =tanhw’

ap = —

)

f, = ta ,

(A.19)
by =

)

where

7(2n+1)

B = (VBNFEN 7

th + 1) YBENEFYF + YBNFENIn,

)

and
4L (=D
w2 2n+1)2°

1 1
o= < _
YBNEN  VBFEF

Substitution of (A.17) and (A.18) into the expression for the
supercurrent (5) gives that contributions to the supercurrent
across the junction proportional to a, and b,, cancel each other
and I5(¢) equals the sum

Is(p) = In(9) + Ir(9),

00

delnp) _ 1 5 A2GnGssin(p)  (A.20)
7TWdN  yBNSNPN = w? '
2el 1 X A’GgGs si
elr(p) _ Z F 528111(90) (A2])
nTWdr  yBREFPF 5=, w

of the currents, IN(¢) and Ir(¢), flowing independently across
the F and N parts of the weak link.

Appendix B. Ramp-type junctions. Limit of
intermediate L

For intermediate values of spacing between the S electrodes

£ < LK &N (B.1)

and suppression parameters at SN and SF interfaces
belonging to the interval (3) the boundary problem (4)—(9b)
can be also solved analytically for sufficiently large
suppression parameter ygpn. Under these restrictions,
the first approximation we can neglect the suppression of
superconductivity in the N film due to proximity to the F-layer
and use expressions (A.15) and (A.18) with a, = 0 as the
solution in the N part of the weak link.
To find Rr and Ur we have to solve the linear equations

in

2 9* 2 9? &
) 82 2
EFa 2 F+$Fa 2 QUF _07 (B3)
with the boundary conditions
9RE Q
VBFEF— = GS§A cos(p/2), (B4)
dUFR Q .
J/BFSF— G35A sin(p/2), (B.5)
atx=1L/2,0<z<dpand
dRp G
VBFNEF— = —GNRN, (B.6)
9z Q
dUFR Q)
VBFN"EF_ = —GnNUn, (B.7)
0z Q
atz =dp,0<x<L/2; (2 =w/nTc, Q= wsgn(w)/mTc).

The boundary problem (B.2)—(B.7) must be closed by the
conditions (7) and (A.5) at the free interface of the F film and
at the line of junction symmetry, respectively.

The spatial distribution for the part of ®g(x, z) that is even
in coordinate x can be found in the form of the superposition
of superconducting correlations induced into the F film from
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superconductors and from the N part of the weak link

_ VSGs A cos(p/2) cosh(v QL)

F

QyBE sinh(v/Q5)
VOGN A cos(p/2) cosh(VQE)

+ Ee (B.8)
QyBEN sinh(v' Q)

The solution for the odd part of ®r(x, z) consist of three terms

_ VG A sin(p/2) xcosh(vQE)

F =
QYBNYBIN gy sinh(v/Q4F)
Q32Gs A sin(p/2)E2
QyYBNENVBENGF

o (=1)" cos(’fd—’f) sinh(/c,,é)

>
n=—00

VSGs A sin(p/2) sinh(vQE)
+ ST
QyBF cosh(\/aﬁ)

i3 cosh(ky ﬁ)

(B.9)

where K,% =Q+ (mnkg/ dp)z. The first two give the part of Ug
induced from the N film, while the last has the well-known
form for SFS junctions [2—4].

From (B.8) and (B.9) it follows that R’iw’F = R, F
and ij’F = U, . Substitution of (B.8) and (B.9) into
the expression for the supercurrent (5) gives that the Is(¢p)
dependence consists of three terms

Is(p) = In(@) + Ir(@) + Ien().

The first is the supercurrent across the N-layer. In the
considered approximation it coincides with the expression
given by (A.20). The second term in (B.10) is the supercurrent
across the SFS double-barrier structure in the limit of small
transparencies of SF interfaces [72, 73]

(B.10)

2elp(p)  A?sin(p) & G}
nTIWdE  ygeErpR w5 ho w2/ S sinh(24y)

and the last consists of two terms, Ipn(¢) = I1(¢) + L(p)
having different ¢-dependence

(B.11)

2eli(p) _ A%sin(p) £p i G} v,
7 TWdg PRdE  YBFYBENVBNEN = Q2w?
~ ) (B.12)
Ve 20
~ sinh(gz)  sinh(2qz)’
2el(p) _ A’sin(p) i GNGs
7TWdr  yBRNPRAR A= 202
X \IJZ + ’
YBNYBENSN ¥BF coshqr
~ . N (B.13)
Wy — dpf2(2qq + sinh(2gq)) Q&
4qgsinh®(g4) qa cosh(qr)
e 203k

4 Liy N’
=1 ddk, cosh(5g)

where g4 = dF\/a /&F, qL = L\/a /2&g. In the real experimen-
tal situation

& < &N,

Under the conditions (B.14) some terms of Irn(p) can be
neglected. The remaining expressions of its parts Irni (@) -

Irns () simplify to

dp > &f. (B.14)

2elpni(p) _  A’sin(p)
7 TWdg YBFYBEN VBN PFAF
X G2 Q
x 5F Z S _f , (B.15)
&N, w?Q2 sinhqr

el A?si > GnG
elrn2 (¢) _ szm(w) Z NGs é_F (B.16)
7w TWdg 2VBNVB]:N:OFdF =00 w?Q3/2EN
el A?si > GNG: 1
elpns (@) sin(p) Z NGs (B.17)

nTWdgp ~ yBENYBEPEAEF @2Q coshqr’

=—00
Appendix C. Overlap SN-N-NS junctions

To calculate critical current of SN-N-NS junctions we
consider the most practical case of a thin N film

dn < &N (C.1)

and sufficiently large yppn providing the absence of
suppression of superconductivity in the N film due to
proximity to the F-layer. We will also assume that the
electrode spacing L is also small

L < &N, (C2)

in order to have a non-sinusoidal CPR.

Condition (C.1) permits one to perform averaging of the
Usadel equations in the z-direction in the N film, as was
described in detail in [47], and reduce the problem to the
solution of one-dimensional equations for &N = RN + iUN.
The real part of @y is the solution of the boundary problem

2
9 R

ﬂ_ IZ\I_N _RNZ_VACOSQ,
GN(QyBM + Gs) 0x ox 2

L

S srsoo (C.3)
£2 9 ( ,0RN L

—|Gy— ) =0, 0<x<—, Cc4
QGy ox \Nox =r=3 CH
R
N _ ), x=0, X = 00, (C.5)

ox

where r = Gs/(Q2ygm~+Gs). yBm = yBNdN/éN, 6 = A/ Tc.
From (C.4) and (C.5) it follows that at 0 < x < L/2
functions Ry are constants independent of x, resulting in

ORN (L
ZN(Z) =o.
ax \2
The resultant boundary problem (C.3), (C.5) and (C.6) is also
satisfied by constants independent of x, leading to

(C.6)

Rn = rAcos(¢/2), 0<x<oo0. (C7)
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Now, introducing new functions, 6

Q
Un = pntand, GN = —cos0, (C.8)
m
where 11 = /Q2 + r282cos2(¢/2), we get
x2—829 in@@ —¢) =0 L (C.9)
— sin — = — xX <o .
ax? ’ 2~ ’
2 a2
0 L
N — 6 =0, 0<x<-—, (C.10)
cos 6 dx2 2
00
0(0) =0, — =0, x— 00, (C.11)
dax
where
QyBMm
A =§N , (C.12)
\/(szyBM + Gs)VQ? + 1282
i 2
tang = Sn@/2) (C.13)
m
The solution of equation (C.10) can be easily found
-rY 0<x=< (C.14)
0=—-0\5) Sx= o .

The solution of equation (C.9) can be simplified due to the
existence of the first integral
( 0

22
2 \ox

2
5 9) +cos(@ — @) = 1.

(C.15)
The constant of integration on the right-hand side of (C.15)
has been found from the boundary condition (C.11), which
demands 6 — ¢ then x — oo. Further integration in (C.15)

for L/2 < x < oo gives
>> , (C.16)

where C, is an integration constant, which should be
determined from the matching conditions at x = L/2. For C,
they give

x—LJ2
A

0 = ¢ + 4 arctan (C2 exp (—

2Cy

+ 4 arctan(Cy)) = — —.
(@ (¢2)) I+

(C.17)

Assuming additionally that ygp is not too small, namely that
L < &ymin(1, ./yBMm), from (C.17) it is easy to get

¢
Cr=—t — — —sin— |, C.18
2= <4 an° 2) €18
resulting in
o) = = sin 2 0<x<i (C.19)
X) = —sin — x<—. .
A 2’ )
From (C.19) it follows that in the weak link region |x| < L/2
2 Q
U = 2 pusin?. Gn = -, (C.20)
A 2 7

while under the S electrode, L/2 < x < 00

UN = ptan(¢ — 4 arctan(u)),

<¢ L. ¢) ( x—L/2
u=tan|{ — — -—sin— |Jexp| —
2 A

4 an

Substitution of (C.7), (C.20) into expression (5) for the
supercurrent in the N channel results in

2eln(p) 2
nTWdn — pNEN/VBM

X 1282 sin o/ (QysM + Gs)
=0 22 (VT F 8T + )

> (C.21)

X

(C.22)

Appendix D. Solution in ferromagnet layer of RTO
junction

The spatial distributions of the even and odd parts of ®r(x, 7)
in coordinate x can be found in the form of the superposition
of superconducting correlations induced into the F film from
superconductors and from the N part of the weak link. It has
the same form as in (B.8) and (B.9)

_ \/EGSA cos(¢/2) cosh(\/ggil:)
Qymr sinh(\@ﬁ)

, V0nRy cosh(vV'QZ)
S2yBEN sinh(\/ag—i)’
B \/5GNUN cosh(\/gé)
" QyBFN sinh(\/gg—g)
 DPEGN(Un/)

QyBrNdF
0 (—1)" cos(%) sinh(/cné)

< D
n=—o0

VQGsssin(p/2) sinh(vVQE)
+ — ’
QyBF cosh(v/ Q_Zép)

F

D.1)

i3 cosh(ky, ﬁ)

(D.2)

with the functions RN, Gn, and Un defined by equations
following from the solution of the boundary problem in the
N-layer described in appendix C.

RN = rAcos(e/2),
Q

Gn = , D.3
V@2 + r282cos2(¢/2) ®-3)
G
Ux = aAsin(p/2) 222
GN &N
WL TS r (D.4)

o = .
NG

The substitution of (D.1)-(D.4) into expression (5) gives
that the supercurrent across the F-layer in the RTO junction
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consists of the sum of Ir(¢) and Ign(¢), where Ip(¢) is
the current through the one-dimensional double-barrier SFS
structure defined by equation (B.11), while Ipn(¢) = I1(p) +
I>(¢) has the form

o0

&p Z

YBFYBFNSN 5=,
Vo 20
sinh(qr)  sinh(2qr)’

>

VBFN , ="

aGé
vy,
QZ 2

A? sin(¢)
PFdF

Zeli(¢)
7 TWdr

D.5)

A%sin(p) 1
PFdF

2eh(p)
aTWdg
o Q

X
( YBENEN yBrcoshqr,
dr2(2qa + sinh(24a))

4gasinh’(ga)
2038k
* qak; cosh(

rGnGs
w222

Qér
q4 cosh(qr)

(D.6)
Yy =

Application of conditions (B.14) allows one to neglect some

terms in /pn(¢) = Irn1 () +1en2 () +1pN3 (@) and to simplify
the remaining terms, leading to the following expressions:

LKn)

2linitp) M) ke oG VB
7 TWdp YBFYBEN PFdF EN ,“—  ?Q2 sinhqy’ '

2elpno (@) A?sin(p) raGNGs &p D.8)
7w TWdg 2VI§FNdeF e w2Q3/2 &N ’

2elens(9) _ A?sin(p) i rGN~GS 1 . DY)
n TWdg YBENYBEPFAF S @?Q coshqr
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