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We report the fabrication and testing, at 4.2 K, of four-terminal SIS'FIF,S devices, where S(S’) denotes
a superconductor (Nb), /1, denotes a ferromagnetic material (Ni and permalloy (Py), respectively), and
I denotes an insulator (AlO,). The F;/F'; junction plays the role of a pseudo-spin valve, in which the
magnetization vector of the Py layer can be reversed either by an externally applied magnetic field, or,
potentially, by the electric current properly supplied to the device. The total magnetic moment of the
F|IF; junction, determined by two different magnetization orientations in the F'; and F'; layers, can be
sensed by an adjacent SIS’ junction, resulting in two distinct maximum Josephson critical current values.
Such controlled manipulation of the Josephson critical current offers the possibility of building a cryogenic
memory cell based on the four-terminal hybrid S/F device. One of the advantages of this memory device
is its compatibility with single-flux quantum circuit elements.
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I. INTRODUCTION

Over the last several decades, significant research effort
has been dedicated to the development of memory for
energy-efficient cryogenic computers [1-3]. In particular,
various combinations of ferromagnetics and superconduc-
tors have been attempted in order to create a cryogenic
memory element [4—20]. Some earlier proposals exploited
the influence of a stray magnetic field from a magnetic part
of the device either on a superconducting stripe [5,6] or
a Josephson junction (JJ) [4,7] (we are not aware of any
experimental realization of the device [4] by its author).
The devices proposed by Clinton and Johnson [5,6] exploit
suppression of superconductivity by a fringe magnetic field
induced by either one [5] or two [6] ferromagnetic lay-
ers; device operation requires driving the superconducting
stripe into the normal state.

Oh et al. were probably the first to propose a memory
concept exploiting a peculiar proximity effect between a
superconductor and a ferromagnet [7]. At first sight, their
design is similar to that described in Ref. [6]; however,
there is an important conceptual difference: the supercon-
ducting sensing element changes its state (superconductive
or resistive) mainly due to the change of the strength of the
proximity effect rather than the net strength of the mag-
netic field. The strength of the proximity effect depends
on the alignment [parallel (P) or antiparallel (AP)] of
the magnetic moments of the two magnetic layers, which
affects the superconducting transition temperature, 7., of
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the superconducting layer. Experimental realizations of
this idea have been reported [8,9]. In [9], a full spin switch
effect for the superconducting current was achieved for the
Co0O,/Fe;/Cu/Fe,/In multilayer.

The proposals exploiting the transition of a supercon-
ducting layer into a normal state are not well suited for
integration with the single-flux quantum (SFQ) logic and
for the energy-efficient memory. For easy integration with
the SFQ logic that currently dominates superconducting
electronics, it is desirable to develop a memory element
based on a Josephson junction whose critical current can be
reproducibly switched between the two distinct states and
maintained as long as necessary in either state. Therefore,
these states can serve as logic “0” and “1” states.

Held et al. [10] have proposed a memory concept that
combines rectangular ferromagnetic dots for the storage of
the data and JJs for their readout. Here, the critical cur-
rent of a JJ is affected by a stray magnetic field induced
from a ferromagnetic dot. Since the device comprises a sin-
gle magnetic element and has lateral geometry, it does not
allow for efficient control of the Josephson current and is
not well suited for miniaturization.

Samokhvalov et al. [11] reported a device in which
a Co/Si/Co bilayer magnetic particle was formed on the
insulated upper electrode of an SNS Josephson junction
(where S and N denote a superconductor and a normal
metal, respectively). The magnetic state of the particle
was set using an externally applied magnetic field above
the superconducting critical temperature of the § elec-
trodes, T,.. After cooling the device below T, the authors
observed the Josephson critical current, /., vs externally
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applied parallel magnetic field, H, dependence with a deep
minimum near H=0; the dependence was attributed to
formation of an Abrikosov vortex-antivortex (V-AV) pair
in the top Nb layer of the SNS junction as a result of
penetration of the fringe magnetic field induced by the
magnetic particle. Although this work has demonstrated
that a magnetic junction can produce a very strong effect on
an adjacent Josephson junction, the device has two draw-
backs as a candidate for a cryogenic memory element: first,
the magnetic state of the Co/Si/Co junction can only be
controlled by an externally applied magnetic field; second,
after the V-AV pair is created, it cannot be removed by the
application of a weak magnetic field such as the one that
reversed the magnetization direction of one of the Co lay-
ers, so the /. magnitude of the Josephson junction cannot
be controlled as desired for a memory element.

Larkin et al. reported observation of two distinct lev-
els of . in SIS'FS magnetic Josephson junctions (MJJs;
I denotes an insulator and £ a ferromagnetic material) for
two magnetization orientations of the F' layer where super-
conductivity was induced by the neighbor S’ and S layers
[12]. This MJJ geometry was studied in a number of works
by the same group (see Ref. [13] and references therein).
However, asymmetry in the SIS'FS junctions observed by
the authors [12] is due to the self-field effect that will
diminish upon reduction of the junction size. In the case
of a single F' layer, ideally, reversing its magnetization
direction will result in a symmetric shift of the /.(H)
dependence with respect to the H=0 point. Therefore, at
H=0, for ideal I.(H) dependence, the /. magnitude would
be the same for the two opposite magnetization directions.
In contrast, it is desirable to have two distinct levels of /.. at
H =0, which can be realized using a (pseudo-)spin valve.

The next generation of memory elements is based on
MIJJs where one uses a pseudo-spin valve (PSV) as a weak
link sandwiched between the superconducting electrodes
to allow for tunneling of the superconducting electrons
[14-19]. At least two magnetic layers, F'; and F,, with
a nonmagnetic spacer between them, are needed to real-
ize a PSV in which one magnetic layer has lower coercive
force than the other. This allows one to change the mutual
orientation of the magnetization vectors in the F|, lay-
ers by applying, e.g., a magnetic field. The proximity
effect through this structure, and therefore, the associated
magnitude of /. depend on the mutual orientation of the
magnetization vectors in PSV, which allows one to alter
the magnitude of /. in a controllable way.

Since magnetic materials are known to strongly sup-
press the superconducting correlations induced in them as
a result of the proximity effect, the Josephson current den-
sity, j., through a (metallic) PSV serving as a barrier in
MIlJs is strongly reduced as compared with that in ordinary
SNS, SIS, or SNINS junctions having comparable thick-
nesses of the nonmagnetic barrier material. Using a more
sophisticated combination of magnetic materials for the

barrier, assumed to enable the triplet pairing generation
and long-range propagation of superconducting correla-
tions [21], does not help to improve the situation [19].
Therefore, it is highly desirable to build a Josephson mem-
ory element in which a high j. and a critical voltage
V.~ 1mV is realized in the Josephson junction in order to
make it compatible with the SFQ logic. Motivated by this,
we explore a memory element based on a multi-terminal
superconducting-ferromagnetic device [22,23]. The princi-
ple of operation of our device is similar to proposals [4,11];
we exploit reversal of magnetization of a “free” magnetic
layer in a PSV in order to control the magnitude of /. in
an adjacent (sensor) Josephson junction. However, unlike
the behavior reported in [11], we observe controllable and
reproducible change of the magnitude of /. when reversing
the magnetization direction of the “free” magnetic layer
without irreversible latching of the critical current in one
of the two states.

II. EXPERIMENT

The devices are fabricated from Nb/Al/AlO,/Al/Nb/Al/
Py/Al/AlO,/Al/Ni/Al/Nb structures deposited onto oxi-
dized Si substrates using the dc magnetron sputtering of
the respective materials and thermal oxidation to form the
AlO, tunnel barriers. The thicknesses dyp of the bottom,
middle, and top Nb electrodes are 120, 35, and 68 nm,
respectively. The thickness of the middle Nb layer is
chosen to be considerably less than the London penetra-
tion depth in the Nb films at 4.2 K (which is typically
80—100 nm in our films). The thickness of the Al over-
layer used to form the AlO, tunnel barrier is 9 nm. The
four-terminal devices are patterned using an optical lithog-
raphy, ion milling, reactive ion etching, anodization, and
deposition of SiO; insulation.

Here, we consider devices where the thickness, dpy, of
the permalloy (Py, 80%Ni-20%Fe) “soft” magnetic layer
is 5.0 nm, whereas the thickness, dy;, of the “harder” Ni
layer is 4.7 nm. Therefore, the magnetic tunnel junction
(MTJ) Py/Al/AlO,/Al/Ni forms a PSV. The nominal lateral
dimensions of the sensor (S1S') and the magnetic (S'FIFS)
junctions are W x L=2 x4 ym? and W x W=2 x 2 um?,
respectively. The schematic view of the device structure
and its biasing is shown in Fig. 1(a). Figure 1(b) shows a
scanning electron microscope (SEM) image of an actual
device (top view); the magnetic field was applied in the
plane of the image in the top-down direction.

The devices are characterized in liquid He at 4.2 K.
Current-voltage characteristics (/-7 curves) and the depen-
dences of the maximum Josephson current vs external
magnetic field applied parallel to the layers’ plane [/.(H)
dependences] are measured.

1-V curves for a typical device are shown in Fig. 2. The
sensor (Nb/Al/AlO,/Al/Nb) junction is a Josephson junc-
tion, as is shown by the blue /;(V;) curve. The magnetic
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(Nb/Al/Py/Al/A1O,/AI/Ni/AI/ND) junction that represents
a PSV is a NIN type junction (see red 7,,(V,) curve). Also
shown is the /-V curve of the middle Nb film (black Iy (V)
curve), which is superconducting.

Magnetization reversal is accomplished by an exter-
nal magnetic field applied parallel to the structure plane
as shown in Fig. 1. In order to properly determine the
magnetic field sweeping range, we have fabricated a
5 x 10 mm? array of 2 x 2 um? pillars made of the same
multilayer structures as the devices themselves, and mea-
sured its magnetic moment vs field [M(H)] dependence
at 10 K (just above the T, of Nb). (Note that the pillars
have the same size as that of the magnetic junctions in our
devices). The M (H) dependence is shown in Fig. 3(a); one
can infer different coercivities of the Ni and Py layers.

Below we consider I.(H) dependence for one of our
devices. Similar behavior is observed for several other
devices. We prepared an initial magnetic state of the
system by applying the field uoH ~ +59 mT, and then
measured the I.(H) dependence within different ranges of
H sweeping starting from low fields. Within the ranges
below +4.5 mT, the I.(H) dependence is essentially the
same for the two directions of H sweeping. Above that
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FIG. 2. [I-V curves of the sensor (blue /;(V;) curve) and the
magnetic junction (red 7,,(V,,) curve); also shown is the /-7 curve
of the middle Nb film (black I (V) curve).

FIG. 1. (a) Schematic view of an
SIS'F\IF,S device and its Dbiasing.
(b) Scanning electron microscope micro-
Ay graph of an actual four-terminal Nb/
Al/AlO,/Al/Nb/Al/Py/Al/AlO,/Al/Ni/Al/Nb
device. The magnetic field is applied in the
plane in the top-down direction.

field, the /.(H) dependence becomes hysteretic and man-
ifests two distinct levels of maximum /. for sweeping H
in the two opposite directions. The maximum hysteresis is
achieved in the sweeping range of woH = 113.9 mT; this
dependence is shown in Fig. 3(b), where the two traces are
denoted by red and black colors (lower and upper curves,
respectively). The dependence is reproducible when it is
recorded several times. The /.. reduction for the red curve
is about 11% as compared to the black curve. This ratio
can be increased in optimized devices. In particular, the
parameters of the ferromagnetic layers have to be chosen
so as to achieve full compensation of magnetic moments
of the F'1 ; layers in the AP configuration.

One can see that there is correlation between the field
range in which the maximum change of /. is observed and
the field where Py magnetization switching occurs [this
field interval of about 9.0 mT is denoted by vertical blue
dashed lines in Figs. 3(a) and 3(b)]. At the same time, in the
sweeping range of woH = £13.9 mT, the Ni layer remains
in essentially the same magnetization state [this sweeping
range is denoted in Fig. 3(a) by two vertical red dashed
lines]. We, therefore, conclude that the occurrence of two
different maximum /. levels for the black and red curves in
Fig. 3(b) is associated with magnetization reversal of the
Py layer.

We have carried out auxiliary experiments in order to
determine the saturation magnetization, M,, of the ferro-
magnetic layers in our structures. Specifically, we have
measured magnetic moment vs parallel magnetic field
[M(H)] dependence for Nb/AI/AIO,/Al/Nb/Al/Py/Al/
AlO,/AI/Ni/AI/Nb,  Nb/AI/A10,/Al/Nb/Al/Py/Al/AlO;,
and Nb/AI/AIO,/Al/Nb/AI/Ni/AI/AIO, structures with
dpy =5 nm and dy; =4.7 nm. From these measurements,
we have determined M values of 0.571 and 0.365 T for Py
and Ni, respectively.

Furthermore, we have measured M (H) dependence at
4.2 K in the magnetic field applied perpendicularly to the
film plane for Nb films with thicknesses of 35 and 100 nm
in order to determine the critical fields H.; and H,,.
These measurements reveal that the woH.; field is about
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(a) M(H) dependence at 10 K for a 5 x 10 mm? array of 2 x 2 um? pillars made of the same structure as the four-terminal

devices. Red dashed lines denote the range of H sweeping in panel (b). (b) I.(H) dependence for the sensor junction in a four-
terminal SIS'FIF,S device while sweeping an external in-plane magnetic field in two opposite directions in the range of £13.9 mT
after initializing the magnetic state of the device at uoH ~ +59 mT. A significant change in /. in the range of uoH ~ £4.5 mT
corresponds to the most significant change in magnetic moment of Py [see panel (a)].

3.5 mT for dnp = 35 nm and about 6 mT for dy, = 100 nm,
whereas the oH,, field is about 1 T for both films.

III. DISCUSSION

In order to better understand the observed behavior, we
have fabricated and studied similar devices but with an
“inverse” geometry: a smaller S'IS Josephson junction is
situated on top of a larger PSV [24]. In this configura-
tion, the influence of the perpendicular fringe field from
the MTJ on the SIS junction is excluded; only a stray mag-
netic field can penetrate the SIS junction from its edges.
The resultant effect of the PSV on the SIS junction is only
a shift of the Fraunhofer pattern /.(H) along the H axis
[for all I.(H) measurements, the external magnetic field H
is applied parallel to the plane of the device electrodes], but
no change in the maximum /. magnitude is observed. This
complementary experiment confirms that in the devices
described here, the main effect of the PSV is a perturbation
of the Josephson current by the fringe field penetrating the
SIS junction in the direction perpendicular to the planes of
the S electrodes.

The influence of a perpendicular field on the SIS junc-
tion was previously investigated both theoretically and
experimentally [11,25-29]. Since the perpendicular H,,
field in typical superconducting films is quite low (see
experimental data for our Nb films above), they can eas-
ily trap Abrikosov vortices. Analysis [25] indicates that
Abrikosov vortices trapped in the superconducting elec-
trode(s) may influence the Josephson current of a SIS
junction via two basic mechanisms: the “core” and “elec-
trodynamic” mechanisms. The first mechanism means the
suppression of superconductivity in a region on the order

of the coherence length near the vortex core. The second
mechanism modifies the Josephson current through a coor-
dinate dependence of the gauge-invariant phase difference
¢ of the order parameters of the electrodes according to
the basic relation V¢ =2 A/Dy[B x zy], where A is the
magnetic thickness of the junction and z, is the unit vector
perpendicular to the plane of the junction [27].

It is shown [11,25-29] that trapping even one Abrikosov
vortex in the superconducting electrode(s) may dramati-
cally modify the I.(H) dependence, specifically, /. may
be close to zero at H=0. In our case of randomly cho-
sen thicknesses dn; and dpy, magnetic moments of the Ni
and Py layers do not compensate each other in the AP state
[see Fig. 3(a)]; there is always some field that affects the
SIS’ junction, and therefore, we do not know the magni-
tude of the Josephson current in a zero PSV field. This
complicates the analysis of the influence of the PSV on the
Josephson current. A simplified estimation of the orthog-
onal fringe field magnitude, H., at the surface of the S
layer in our structures can be made using the approach
[5,6]. For the case of PSV, H, can be expressed as uoH, =
2Mdpz/(x* 4+ z%), where M, is an effective saturation
magnetization of PSV, dr is its thickness, z is measured
from the midpoint of the bilayer, and x is measured from

its edge in the plane. For the P state, M, is given as M. éP) =

M dpy + MO dyi) / (dpy + di) [6]; for the AP state,
we use MY = M dpy — MM dyg) /(dpy + dyi). This
gives peak values uoH,~1.9 T for P and uoH.~0.5 T
for AP states on the surface of S” beneath the PSV edges
(i.e., at a distance Ax ==1 um from the center of PSV).
Since the critical poH,; field for our films is approximately
1 T, in the P state, the superconductivity of small areas
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of the S’ layer just beneath the edges of the PSV may be
suppressed due to penetration of the Abrikosov vortices
(because the Nb films are type II superconductors). The
Abrikosov vortices can also be formed in the AP state.
Since both Nb films forming the electrodes of the SIS’
junction are thinner than 2A; (where Ay ~ 100 nm is the
London penetration depth), we suggest that the Abrikosov
vortices penetrate both films, and the magnetic force lines
close outside of the SIS” junction. In this case, there is no
phase shift due to the lateral field (because it is negligible
inside the SIS’ junction), and due to the nominal symmetry
of'the structure, the /.(H) dependence is symmetric. There-
fore, the superconductivity is depressed in a small area of
the S’ and S electrodes along the PSV edges. However, the
S’ electrode remains superconducting [see curve Iy (Vy) in
Fig. 2], which implies that the actual influence of the fringe
field may be not as strong as follows from the simplified
expression for H, used above.

Nevertheless, the physical mechanism of the /. suppres-
sion suggested above is in qualitative agreement with our
observations and explains why the difference in /. is not
very large for AP and P states, and why the /.(H) depen-
dence is almost symmetric for both states. It follows from
this analysis that separation between the two /.. levels for
AP and P states can be increased in such devices, first, by
appropriate choice of the dy; and dpy so that the PSV does
not induce any field outside in the AP state, and second,
by making the device smaller. In the latter case, the area
affected by the fringe field would be larger relative to the
total area of the SIS’ junction.

For the reasons mentioned above, we believe that our
device has good prospects for scaling down to submi-
crometer dimensions. It is shown experimentally that sub-
micrometer magnetic particles placed on top of an SIS
junction can induce a high enough magnetic field to signif-
icantly modify the /.(H) dependence [11,30]. This implies
that the device’s lateral dimensions can be reduced to sub-
micrometer size. If the ferromagnetic layers in a PSV are
magnetized perpendicularly to the layers’ planes, then a
considerably stronger perpendicular field can be induced,
and therefore, a stronger effect on the SIS junction can
be obtained, which will allow for further reduction of the
device dimensions.

IV. CONCLUSION

The most important result of this work is the demonstra-
tion of the possibility to control the Josephson current in
an SIS junction in a reproducible manner using the mag-
netization reversal in an adjacent PSV. We observe two
distinct values of maximum /.. for the SIS” sensor junction
in four-terminal SIS'FIF,S devices due to magnetization
reversal in the F'|/F, pseudo-spin valve while sweeping
the external magnetic field in the opposite directions. Such
switching can be done reproducibly without any latching

of 1. in one of the states due to trapping of the Abrikosov
vortices. Although in current devices the magnetization
reversal is accomplished using an external magnetic field,
potentially, it could be done using the electric current
in two ways: first, by inducing the magnetic field while
passing the current through the properly connected wiring
layers, and second, by passing the electric current through
the magnetic junction in order to exploit the spin-transfer
torque mechanism [31,32]. In contrast to earlier work on
spin-transfer torque switching of an MJJ [33], the multi-
terminal configuration of our device allows one to run the
control current inducing the magnetization reversal only
through the PSV without forcing the SIS junction into a
resistive state.

We conclude that the SIS'F1IF,S device can serve as a
memory element in cryogenic computers. In comparison
with the magnetic Josephson junctions developed by other
groups, an advantage of our devices is that the SIS’ junc-
tion can have Josephson critical current density and critical
voltage of about 1 mV comparable to the respective values
in SIS junctions exploited in SFQ circuits. Furthermore,
the device can serve not only as a memorizing element,
but as a complete memory cell involving both the memo-
rizing element and the integrated readout element similar
to [4]. This provides a significant advantage for achieving
much higher density cryogenic memory arrays which are
currently limited by the SQUID-based readout elements
occupying more than 90% of the area of a memory cell.
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