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Abstract—Josephson structures with a ferromagnetic layer
are of great interest mowadays due to oscillating nature of
superconductive proximity effect which provides large amount of
application as an element of a superconducting memory. Unfor-
funately, conventional SFS junctions demonstrates characteristic
yoltage ICRN much smaller than tunnel SIS junctions mostly used
in superconductive electronics. It leads to deficient value of char-
acteristic frequency and to difficulties in integration with rapid
Josepjson-based circuits. The development of S-IsF-S structures
with complex interlayer solved this problem. Experimental data
shows, that such structure demonstrates product up to 300 mV
keeping the magnetic properties. However, to date, theoretical
analysis of such structures is not performed. In this work we
developed a microscopic theory, which gives the dependence of
the characteristic voltage of S-IsF-S Josephson device on temper-
ature, a ferromagnetic exchange energy, transport properties of
interfaces, thickness of superconducting and ferromagnetic layers.

I. INTRODUCTION

Relatively low capacity of superconducting memory moti-
vated initial proposals to use superconductor/ferromagnet (S/F)
hybrid structures as basis for the development in cryogenic
magnetic Random Access Memories (RAMs) [1], [2]. Follow-
ing the first experimental realization of SFS Josephson junc-
tions [3], much attention was paid to realize Josephson devices
with complex magnetic barriers allowing switching between
high and low critical currents. A number of different device
structures were considered [4], [5], [6], [7] based either on
superconducting spintronics effects or singlet-triplet switching
within the magnetic barrier. However, these approaches were
based on structures with reduced characteristic voltage I Ry

Recently, successful realization of switchable Nb-Al/A1O,, -
Nb-Pdg.99Feq.01-Nb junctions was reported in [8], [9], [10].
These junctions are of SISFS type, i.e., a serial connection
of the SIs tunnel junction and sFS sandwich. SISFS structure

has high characteristic voltage, I, Ry, due to the presence of

tunnel barrier "I'. At the same time the whole structure behaves
as a single junction with respect to an external magnetic
field H,,; and magnetic flux ® penetrating into the structure,
since the intermediate layer s is too thin to screen magnetic
field. As a result, the magnetic field entering the Pdg g9Feq o1
layer will modify its effective magnetization, facilitating the
critical current control of the whole double-barrier SISFS
structure. According to Ref. [11], effective magnetization in the
dilute Pdg g9Fey 1 is controlled by Fe-rich Pd;Fe nanoclusters,
which can be easily reordered by a weak magnetic field. The

Fig. 1. Schematic design of SISFS Josephson junction. Solid line demonstrates
typical distribution of pair potential A along the structure. It reaches bulk
values in the S electrodes, is suppressed in the middle s layer and vanishes in
the ferromagnetic region F. The characteristic length scales are also marked
in the figure: Ay, is the London penetration depth and &g is the coherence
length typical for niobium.

purpose of this paper is to develop a theory describing various
modes of operation of SISFS Josephson devices. We propose a
quasi-classical model for a double-barrier Josephson structure
in which magnetic and spin states of the F-film in an sFS part
of the structure can change the properties and even the ground
state of its Sis part. As a result, an external magnetic field
may either switch the junction from a superconducting to a
resistive state or from a conventional to an inverted current-
phase relation. We compare the results with experimental
data recently obtained for for Nb-Al/AlO,-Nb-Pdy g9Feg o1 -
Nb junctions.

We consider the multilayered structure presented in Fig.1.
It consists of two superconducting electrodes ’S’ separated by
a tunnel barrier 'I’, an intermediate thin superconducting film
s’ and a ferromagnetic layer 'F’. To describe the supercurrent
transport in the structure, we assume that the conditions of a
dirty limit are fulfilled for all metals. We also assume that all
superconducting films in the structure are made from identical
materials, i.e., they can be described by the same critical
temperature, 7>, and coherence length, {5 = (I)H/27r'[}v)l/2.
where Dg is the electronic diffusion coefficient. The tunnel
barrier I and the sF and FS interfaces are characterized,
respectively, by the following parameters vg; = RiA/Esps,
YBFS = ll)[«“s‘A/E["/)[ﬂ, and Y = /)ng/f]«‘/)[u. Here .A, R/ and
Rpg are the area and the resistances of the interfaces, &g and
ps,r are the coherence lengths and normal state resistivities
of S and F materials, respectively. Under the above conditions
the Josephson effect in the SISFS junctions can be described
by solving the Usadel equations [12], [13], [14], [15] with
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Kupriyanov-Lukichev (KL) boundary conditions [16] at Is, sF
and FS interfaces and with the bulk pair potential in the depth
of S-electrodes.

The formulated above boundary problem has been solved
numerically. It allows to define three modes of operation of
the structure according to chosen materials and layer thick-
nesses.These modes are clearly defined by the dependencies
of characteristic voltage IRy on thickness of intermediate
superconductor, L, and ferromagnetic, Ly, layers. Mode (1).
If the thickness of the middle s-electrode, L., is much larger
than the critical thickness of s layer, Lsc, which separates
the different modes of operation in SISFS structures, the pair
potential A in the s layer is close to that of bulk material. Note
that the critical thickness L, in an sN (sF) bilayer at a given
temperature is generally defined as a minimal thickness of an
s-layer when superconductivity still exists. In the mode (1) the
structure can be considered as a pair of SIs and sFS junctions
connected in series. Therefore, the properties of the structure in
the mode (1) are almost independent on the thickness L, and
are determined by the junction with smallest critical current.
Mode (la). In the ordinary case of I¢c 515 < Ic srs, the
behavior of the structure coincides with that of conventional
SIS junction with one important distinction - the sFS junction
can turn the SIsFS structure into a m-state. At the same
time, other properties like high /o Ry product and sinusoidal
current-phase relation are preserved in the m-state. Therefore
the structure can be called switchable O-7 SIS junction.
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Fig. 2. The temperature dependence of characteristic voltage I Ry of SISFS
structure for different values of exchange field H in the F-layer. The short-
dashed line demonstrates the dependence characteristic for a conventional
tunnel SIS Junction. It is seen how the exchange field H shifts the effective
critical temperature 7., corresponding to the switching of the s-layer from the
superconducting state to the normal one. The circles show I Ry measured
in Nb-Al/A1O;-Nb-Pdg gg9Feg 01-Nb junctions [9], proving the existence of
effective critical temperature T in these samples.

Mode (1b). Another limiting case is realized for large Lp
values and high exchange fields /. Namely, the structure
transforms into a standard SFS-junction without any influence
of tunnel barrier. Mode (2). The absence of superconductivity
in the s-electrode in the opposite case (Ls < L) leads to
formation of the complex -InF- weak link area, where n marks
the intermediate s film in the normal state. It results in much
smaller critical current value /-, with the magnitude close
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to that in well-known SIFS junctions [?]. The dependence (f
Ic on the thickness L, is weak due to large decay lengl
in the n-region with suppressed superconductivity. Mode (3]
Conversely, in the intermediate case (Ls ~ L) the prop
erties of the structure are extra sensitive to variations of th
decay lengths parameters. Within the considered intermedia
thickness range the system may transform from the mode (|
to the mode (2). Moreover, in this situation the system f
sensitive to the F-layer parameters (thickness L and exchang
field H), since these parameters control the suppression of
superconductivity in the sF bilayer. This sensitivity alloys
one to change an operation mode by changing the parametes
such as effective exchange field H and temperature 7. Not,
that depending on the domain structure of a ferromagnet anf
morphology of the F-film it might be possible to control i
effective exchange field H.

Fig.2 demonstrates the temperature dependence of the it
ical current in the structures with thickness around critical o
( Lsc = 3&g) for different values of exchange field H. Theg
structures are characterized by the existence of the effecti
critical temperature 7, which corresponds to the appearan
of superconductivity in middle s-layer and, correspondingl
to an exponential growth of the current. Therefore, 77, maj
significantly shift during remagnetization of the system (duef}
changing of H, as pointed out above). Thus, system can exi
either in the superconducting or in the normal state dependin
on the history of the application of a magnetic field. On
other hand, from point of view of practical applications, g
0-7 SIS mode (la) seems more relevant.
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Fig. 3. The dependence of characteristic voltage I Ry on F-layer thickn

L g in the SIsFS structure with the s-layer in the superconducting state, g
shows the current-phase relation in the vicinity of the first 0 — 7 transity
Switching from 0 to 7 state in the mode (la) preserves the value of crig
current I as well as characteristic voltage I R .

Fig.3 demonstrates that change of F-layer thickness [
leads to O-7 transition. The system can be switched intof
m-state keeping the value of ¢ Ry product, i.e., Josephn
frequency, on the level characteristic for tunnel SIS junctios
Moreover, it should be noted that this property of the oo
sidered structure is unique. In the conventional SFS devig
in order to reach the m-state it is necessary to realize it
Lrp 2 (2 — 3)(p or very large values of the yppg »
parameter at the SF interfaces. In both cases the I Ry prodi
in the m-state is strongly reduced [13], [14], [15], [?].

SI

y

I

€Xx

- des




External magnetic field. In the parameter range when
SISFS junction is in (la) mode and far from the 0 T
ransition, current-phase relation has a sinusoidal form, /(¢) ~
Isrssin . To calculate the dependence of I from external
magnetic field, H.,;, we may use the standard Fraunhofer
expression,

sin(w®/Pg)

2| (1)
|

TP /D

l('(/[z‘rf) /('(I

where P W |LeffHept + LrHoN(ny — ny)|is magnetic
flux inside of SISFS junction, ®( is flux quantum, L. ¢;
0\, + Ls + Lp + Ly, A, is London penetration dcpllf of S
tlectrodes, L; is thickness of I layer, N is the full number
of clusters, ny | Ny /N are the concentrations of clusters
in the F layer oriented parallel (N4) or antiparallel (/V|) to
the direction of H,.,; in the saturation region and Hj is an
awverage magnetic field generated by a single magnetic cluster.
In our simple model, Hj is assumed to be a constant, while
n and n are functions of Hc,;. We assume further that the
probability density p(H..¢) of a flip of a cluster in H,.,; 1s
described by a Gaussian distribution
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Fig. 4. Experimental dependence[9] of critical current I versus increasing
open circles) and decreasing (open squares) external magnetic field Heat
Solid and dashed lines present the microscopic fitting of the data. Inset shows
the theoretical and experimental magnetization loops versus external magnetic

field Hext .

p(Heat) (vf'é/\/%mxp{ (H,pp — H*)? /26%], (2)

where [/* is the value of magnetic field, at which the flip of
a cluster takes place. The expectation, H*, and the standard
deviation, 9, in (2) are independent on H.,; values. These
parameters, as well as HoN product (i.e. saturation of the
imagnetization magnitude) can be found by fitting the magne-
tization curve 4w M (Hezt).

We apply this model to explain the data experimentally
observed in Ref.[9] in SISFS structures having cross-section
aea 10 + 10 ym? and F layer thickness 14 nm. Figure 5
demonstrates the experimental dependencies of critical current
Jo versus increasing (open circles) and decreasing (open
squares) external magnetic field H.,¢. Solid and dashed lines
present the microscopic fitting of the data.

The initial strong magnetic field H. . >0 remagnetize
all clusters of F layer into the homogeneous state 7 (. )
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1. Gradual growth of the external field provides the conven-
tional Fraunhofer pattern (solid line) with expected maximum
at the positive value H.,; corresponding to zero flux ® = 0.
However, the clusters start to flip around the point H.,; = H*
2
5t ) [ p(H,..)dH,,,. The densities nq(Hczt) and
x
ny (Hezt) | —n+(H.4¢) can be described by the expression,
na(Hezt) 05(1+erf ((Hext F HY)/ \/»215)) , for forward
and backward remagnitizations, respectively. Here erf(x) is
the error function. As a result, the period of Fraunhofer
oscillations decreases. Similar situation takes place during
field sweeping in the opposite direction (dashed line), from

n+ (H,

large positive to negative values. So, the model explains
asymmetric Fraunhofer oscillations I (Hez¢) in Nb-Al/AIO,-
Nb-Pd g9Feq o1-Nb junctions reported in [8], [9], [10]. These
effects provide the possibility to realize magnetic memory
compatible with energy-efficient SFQ digital circuits [17] with
high switching speed.
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