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The concept of the Josephson energy emerges directly from the original predictions of Brian Josephson. Although it can be used
to explain the behaviour of Josephson devices, the Josephson energy has no present applications. In this paper, we show that in
the context of magnetic Josephson junctions, the Josephson energy offers a potential mechanism for controlling magnetic

memory devices.
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1 Introduction

There can be comparatively few physicists (outside the USA
at least) who were taught as undergraduates by two Nobel
laureates. Cambridge in the early 1980s did offer this
attraction—Anthony Hewish lectured the entire physical sci-
ence class at the start of the first year on special relatively but
of course told us about the discovery of pulsars for which he
won his prize. This was presumably a deliberate ploy to rein-
force the idea that physics was exciting—and perhaps it
succeeded in that I was originally intending to study chemis-
try. In contrast, lectures from Brian Josephson were reserved
for an optional final year course on superconductivity. This
was taken only by quite a small number of students; while this
may have been partly because of Brian’s much more unas-
suming style, I think it reflected more the prevailing sense of
the time that superconductivity had been “finished.” Given the
types of experiment which could be performed during that
period this was perhaps largely true, the BCS theory and
Brian’s own work [1, 2] provided a more or less complete
understanding of the underlying phenomena; more technical
issues such as improving the properties of superconducting
wire through improved flux pinning were also understood at
a fundamental level [3], and so improving practical supercon-
ductors for applications was something which could safely be
left to materials scientists and engineers.
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The idea of superconductivity being a dead subject was
radically altered in 1986 by the discovery of high-
temperature superconductivity (HTS) [4]. Although it was
clear immediately that the underlying mechanism of HTS
was substantially different to BCS, experiments on junctions
(mainly artificial grain boundary devices [5]) showed that the
Josephson equations remained valid and so enabled the devel-
opment of practical devices such as HTS SQUIDS [6].

In parallel with the discovery of new classes of HT'S mate-
rials, the development of improved thin film deposition tech-
niques was enabling the growth of complex device
heterostructures. Driven by a technological need to replace
lead with niobium in the superconducting electronics then
under development, this work led to the creation of the first
artificial tunnel barriers [7] and complex multi-barrier [8] and
multilayer devices [9]. This work ultimately enabled the cre-
ation of Josephson devices in which one or more constituent
layers were ferromagnetic [10—13]. Such ferromagnetic
Josephson junctions (FJJs) have a number of distinct proper-
ties which can give rise to radically different properties and
interesting potential applications [14]. This article discusses
FlJs in the context of the original predictions by Brian
Josephson and ends with a discussion of the potential
application of the Josephson energy to FlJs.

2 Magnetic Barriers
The most definitive test of the dc Josephson effect is the mod-
ulation of the critical current by an applied magnetic field. For

a junction with a typical length scale of a few micrometres, the
application of fields of a few mT in a direction normal to the
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current flow leads to a substantial oscillation of the supercur-
rent magnitude which can be used to distinguish uniform
Josephson coupling from the presence, for example, of local-
ized shorts in a tunnel barrier. This behaviour results from the
flux induced by the field generating a spatial gradient in the
phase difference across the junction and for the standard ex-
ample of a rectangular junction leads to the well-known
Fraunhofer oscillation of 1.(H) [15].

A ferromagnetic barrier has an internal flux density associ-
ated with the magnetization which will add vectorially to that
induced by an external applied field. In the simplest case of a
saturated magnetic barrier aligned either parallel or antiparal-
lel to the applied field, the total barrier flux will be greater or
less respectively than that provided by the field on its own.
This results in a hysteretic shift in the Fraunhofer pattern trig-
gered at the coercive field of the barrier [16].

Such behaviour has been widely observed in FlJs with
barriers with a square ferromagnetic hysteresis loop [17].
More complicated behaviour occurs for barriers with a more
gradual ferromagnetic reversal or ones entering a multi-
domain state [16].

3 Pi-Junctions

The singlet superconducting state in which the electron
Cooper pairs comprise antiparallel spins is strongly sup-
pressed by the exchange field associated with ferromagnetism
which favours parallel spin alignment. Consequently,
proximity-induced superconductivity in a ferromagnet is
strongly depressed compared with the equivalent
superconductor/normal metal interface, and the interfacial su-
perconductivity on the S side is significantly weakened. For
superconductor/metallic ferromagnetic interfaces, complex ef-
fects described by the Larkin-Ovchinnikov-Ferrel-Fulde
(LOFF) [18, 19] theory are present.

The most direct demonstration of these LOFF effects oc-
curs in superconductor/ferromagnet/superconductor FlJs. The
wave function interference effect leads to an oscillation with
ferromagnet thickness in the ground state phase difference of
the order parameter across the junction. In such junctions, the
critical current oscillates as it decays with ferromagnet thick-
ness [17]. Such measurements measure only the magnitude of
the critical current and so the periodic nodes in the plot repre-
sent transitions between positive and negative critical currents
(0- and 7t-states). The ability to generate a ground state 7t state
by appropriately selecting the ferromagnetic barrier thickness
(as opposed to inducing one by the application of magnetic
field) is of potential benefit in quantum computing applica-
tions [20, 21].

The effective ferromagnet thickness may be altered in a
single device by creating a S/F/N/F/S spin valve Josephson
junction (SVIJJ) [22]. Here, the total ferromagnet thickness
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adds when the magnetization of the F layers is parallel and
subtracts in the antiparallel state. This potentially provides a
memory function in which the magnetic state controls the
ground state phase difference of the device. The first experi-
ments on SVJJs demonstrated an ability to switch the critical
current magnitude by altering the magnetic state (and hence
the net flux within the junction) via the application of a mag-
netic field [22]. This has been explored as a technological
basis for a cryogenic magnetic memory, but the ability to
modify the ground state phase difference rather than the mag-
nitude of the critical current offers a more direct integration
with conventional and quantum superconducting electronics
[23]. However, it is known from work on magnetoresistive
memory that the field-driven magnetic switching presents is-
sues of accurately addressing individual memory cells [24]
and is not size scalable.

4 Spin Valve Josephson Junctions
and the Josephson Energy

The Josephson coupling energy (E ) can be derived [25] from
the original Josephson equations [1, 2].

Is = Isin(Ag) (1)
and
d(Ap)/dt = 2eV /7 (2)

(where Ag is the phase difference across the junction, /g and /.
are the superconducting pair current and the critical current
respectively, and V is voltage across the junction and 7 is the
Planck constant) to give the free energy stored in the junction
from electrical work

P = ligvat = (44, ) in(A0)d( 20
= const.—E jcos(A¢) 3)

where E;=[.//2e. Substituting for A¢ from (1) gives:

Y/
F = const—z— 162—152 (4)

e

This equation is conventionally used to determine the onset
of junction phase-slip—either by /g exceeding the critical cur-
rent /. or when thermal activation kzT ~ 1. — Iy where kg is the
Boltzmann constant and 7 is the temperature.

Here, we explore the potential for the Josephson energy to
be used directly to control the magnetic state of a device with
possible potential applications. We start by generalizing (4),
making /. dependent on the magnetic state—for example, for
a SVJJ, the critical current for the antiparallel configuration
(I.ap) would generally be higher than the parallel state



J Supercond Nov Magn (2021) 34:1629-1632

1631

configuration (I.p). At a current /g~ I.p, the 2nd term in (4)
would approach zero whereas at the same current Ig</.4p,
and so the 2nd term would be finite. The free energy differ-
ence

7
AF =2 <\/IcP2_ISZ—\/1cAP2_Isz) (5)

therefore provides an effective exchange coupling between
the magnetic layers which acts to drive them towards an AP
state.

In action, this is analogous to the superconducting ex-
change coupling (SEC) predicted [26] and realized [27] in
ferromagnetic insulator/superconductor/ferromagnetic insula-
tor (FI/S/FI) spin valves in which changes in the
superconducting condensation energy of the middle layer,
due the addition or cancellation of the magnetic exchange
coupling with the FI layers, tend to favour AP alignment of
the FI layers.

As a potential memory device, this clearly leaves some
things to be desired. In this form, writing is enabled with either
current direction and can only drive the device in one direction
(i.e., P — AP). The device could be non-destructively read in
the AP state (i.e., a measurement of /. would yield /.4 p) but not
in the P state because the switching current must be smaller than
I.p. As a test of the principle of using the Josephson energy to
drive magnetic switching, the latter concern could be overcome
by performing read measurements at a higher temperature
which would reduce both the critical currents and the free en-
ergy available for driving the magnetic switching.

It is likely to be challenging even to demonstrate this level
of functionality. In terms of driving magnetic switching for a
particular F layer thickness, the crucial parameter is the
change in free energy by unit area, AF/A, and so this requires
the highest possible critical current density J.. FIJs tend to
have low values of J,, but if we take a reasonably large value
amongst those reported in the literature (for single barrier S/F/
S FlJs) of 10° A m 2, we would expect a maximum value of
AFJ/A to be of the order of 3 x 10~ J m ™2 This is two orders of
magnitude lower than the free energy change associated with
SEC [27], and so either a magnetic material with very low
switching energy is required, or much higher critical current
densities will be needed.

5 A Toy Model for a Josephson Magnetic
Memory

Assuming that appropriate magnetic materials could be devel-
oped, it is possible to design a device structure which could
enable bidirectional writing with the potential for non-
destructive readout. One example, albeit with obvious issues
regarding scalability, is set out here.

From the point of view of bidirectional writing, the prob-
lem with Eq. (4) is the lack of sensitivity to current direction.
This could be overcome if 1. became an odd function of cur-
rent. One example of this, the so-called long Josephson
Jjunction (L1J), is well known. In the L1J, the junction is large
enough that the flux within the junction generated by the junc-
tion bias current is of a similar order to the flux quantum [15].
Under these circumstances, the Fraunhofer /.(H) pattern for a
conventional JJ is asymmetrically distorted because the
current-induced flux adds to, or subtracts from, that due to
the applied field depending on the current direction.
Therefore, a LJJ in an appropriate external bias field A will
have a critical current which is current direction dependent.

Assuming for simplicity that /. is linear with H in the op-
erating region of the device, we can extend Eq. (4) for a

ferromagnetic L] as

/i 2 o
F= const—z—e \/(ICO +aMls) I (6)

where I is the zero-field critical current, M is the barrier
magnetization, and « is a coupling constant proportional the
Oersted field induced by the bias current and the barrier mag-
netization (M) coupling to the junction. F is sketched in Fig. 1
for the two directions of barrier magnetization.

As indicated in the figure, the system can gain free energy
by switching between +M states provided that the energy
required for magnetic switching AF,, ;. is sufficiently small.
As can be seen from the diagram, switching is directional with
positive and negative currents switching to negative and pos-
itive magnetic states, respectively. Note that for simplicity,
this model ignores the effect of the Oersted field on the barrier
magnetization.

Reading such a device would still present a challenge be-
cause the switching current (in one direction at least) is lower

Fig. 1 A sketch of free energy versus bias current for a ferromagnetic
long Josephson junction for the two barrier magnetization directions.
AF e 18 the switching energy for the barrier magnetization
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than the critical current. This could be overcome if read cur-
rent pulses were used which were shorter than the character-
istic magnetic reversal time.
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