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Abstract

In this thesis, ¢ Josephson junctions based on 0-7t junctions with a ferro-
magnetic interlayer are studied.

Josephson junctions (JJs) with a ferromagnetic interlayer can have a
phase drop of 0 or 77 in the ground state, depending on the thickness of
the ferromagnet (0 JJs or 7t JJs). Also, 0-7t JJs can be realized, where one
segment of the junction (if taken separately) is in the O state, while the
other segment is in the 7 state. One can use these 7t Josephson junctions
as a device in superconducting circuits, where it provides a constant phase
shift, i.e., it acts as a 71 phase battery.

A generalization of a 77 J] is a ¢ JJ, which has the phase ¢ in the ground
state. The value of ¢ can be chosen by design and tuned in the interval
0 < ¢ < 1r. The ¢ JJs used in this experiment were fabricated as 0-7t JJs
with asymmetric current densities in the 0 and 7 facets. This system can
be described by an effective current-phase relation which is tunable by an
externally applied magnetic field.

The first experimental evidence of such a ¢ JJ is presented in this thesis.
In particular it is demonstrated that (a) a ¢ J] has two ground states +¢
and —g¢, (b) the unknown state can be detected (read out) by measuring
the critical current I (I.+ or I.—), and (c) a particular state can be prepared
by applying a magnetic field or a special bias sweep sequence. These
properties of a ¢ JJ can be utilized, for example, as a memory cell (classical
bit).

Furthermore, a ¢ Josephson junction can be used as a deterministic
ratchet. This is due to the tunable asymmetry of the potential that can be
changed by the external magnetic field. Rectification curves are observed
for the overdamped and the underdamped case.

Moreover, experimental data of the retrapping process of the phase of a
@ Josephson junction depending on the temperature is presented.






Kurzfassung

In dieser Arbeit werden ¢-Josephson-Kontakte basierend auf 0-7-
Kontakten mit einer ferromagnetischen Zwischenschicht studiert.

Josephson-Kontakte (JK) mit einer ferromagnetischen Zwischenschicht
konnen abhidngig von der Schichtdicke einen Phasensprung von 0 oder
von 71 im Grundzustand aufweisen (0-JK oder 77-JK). Es konnen auch 0-7t-
Josephson-Kontakte hergestellt werden, bei denen sich ein Teil des Kon-
takts (wenn er getrennt betrachtet wird) im 0-Zustand befindet, wahrend
der andere Teil im 7-Zustand ist. In supraleitenden Schaltkreisen kann
ein 7t-Kontakt als Bauteil benutzt werden, das eine konstante Phase liefert,
d.h. als 7r-Phasen-Batterie.

Eine Verallgemeinerung eines 7r-Kontakts wird als ¢-Kontakt bezeich-
net und hat im Grundzustand die Phase ¢. Der Wert von ¢ kann durch
das Probendesign gewéhlt werden und kann jeden Wert im Intervall
0 < @ < 7m annehmen. Die ¢-Josephson-Kontakte, die in diesem Experi-
ment verwendet wurden, wurden als 0-77-Josephson-Kontakte hergestellt
und haben asymmetrische Stromdichten im 0- und 7r-Teil. Dieses System
kann durch eine effektive Strom-Phasen-Beziehung beschrieben werden,
die durch ein externes Magnetfeld verandert werden kann.

In dieser Arbeit wird der erste experimentelle Nachweis solch eines
@-Kontakts prasentiert. Im Besonderen wird gezeigt, dass (a) ein ¢-
Josephson-Kontakt zwei Grundzustidnde +¢ und —¢ hat, (b) der un-
bekannte Zustand der Phase ausgelesen werden kann, indem der kritische
Strom I (I.+ oder I._) gemessen wird und (c) ein bestimmter Zustand
prédpariert werden kann, indem ein Magnetfeld oder eine spezielle Bias-
Strom-Sequenz angelegt wird. Diese Eigenschaften kénnen dazu benutzt
werden, einen @-Kontakt zum Beispiel als Speicherzelle (klassisches Bit)
einzusetzen.

Auflerdem kann ein ¢-Josephson-Kontakt als deterministische Ratsche
benutzt werden, da die Asymmetrie seines Potentials durch ein dufieres
Magnetfeld verdndert werden kann. Es werden Gleichrichtungskurven
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fiir den tiberdampften und den unterddmpften Fall gezeigt.

Dariiber hinaus werden experimentelle Daten des Retrapping (Einfang)-
Prozesses der Phase eines ¢-Josephson-Kontakts in Abhéngigkeit von der
Temperatur prasentiert.
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1 Introduction

Superconductivity is a macroscopic quantum phenomenon which can be
observed in many materials below a critical temperature T.. The value
of T, is specific for each material. Below this critical temperature T, the
electrical resistance vanishes. The superconducting charge carriers are
correlated electron pairs, the Cooper pairs [BCS57]. In the simplest case,
the two Cooper pair electrons have opposite momenta and opposite spin
polarities (spin-singlet state). They can be described by the macroscopic
wave function
Y=Y, eie(r)

where 6(r) denotes the phase and |[¥y|? is the Cooper pair density. ¥ can
also be identified with the order parameter of the superconductor.

Another typical property of superconductivity is, that it expels a mag-
netic field B from its interior. This effect was experimentally discovered
by W. Meissner and R. Ochsenfeld [MO33]. They found, that the field
expulsion is irrespective of the application of the magnetic field before or
after the transition to the zero resistive state. This means, that a supercon-
ductor is an ideal diamagnet (B = 0). If the externally applied magnetic
field exceeds a critical value B.(T), superconductivity is destroyed. On
the other hand, the magnetic field tends to align the spins parallel and
thus suppresses the singlet superconductivity.

In this sense, singlet superconductivity and ferromagnetism are antago-
nistic phenomena, the coexistence of both is possible in heterostructures
within a thin region [Buz05]. The interplay of superconductivity (S) and
weak ferromagnetism (F) is achieved, for example in SFS-multilayers. In
such structures the order parameter is damped and oscillates spatially
inside the ferromagnetic interlayer, similar to the Fulde-Ferrell-Larkin-
Ovchinnikov state [EE64,[LO65].

A heterostructure consisting of two superconductors separated by a
thin barrier (i.e., an insulator (I) or a ferromagnet) is called Josephson
junction (J]). A supercurrent can be passed through the barrier. This
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supercurrent depends on the phase difference ¢ = 6, — 6, between the two
superconducting electrodes, where 6, is the phase of one electrode and
6, corresponds to the phase of the second electrode. For a conventional
Josephson junction the phase ¢ = 0 corresponds to the ground state. This
JJ is called 0 Josephson junction. In a SFS or SIFS J] the order parameter is
oscillating inside the F-layer and thus by properly choosing the thickness
of the ferromagnetic interlayer a 77 JJ can be realized. For this JJ the ground
state phase is ¢ = 7.

It would be even more interesting to have a Josephson junction with an
arbitrary value ¢ of the phase in the ground state, rather than just 0 or 7.

The motivation for the realization of a ¢ J] is manifold, because ina ¢ JJ
exceptionally interesting physics can be observed and there are various
applications. For instance, a ¢ JJ can be used as a phase battery, which
provides a constant phase, like a normal battery provides a constant
voltage. This phase battery will never discharge and is dissipationless.
The ¢ phase battery can be included into superconducting loops and due
to that, bias lines can be removed. In addition, a ¢ Josephson junction can
be utilized in Rapid Single Flux Quantum (RSFQ) circuits. Even for the
improvement of the decoherence of Qubits (quantum bits) a phase battery
proves beneficial. Furthermore, a ¢ JJ cannot only be utilized as a classical
device, but also in the quantum mechanical regime. Due to the existence
of a degenerate ground state, a ¢ JJ can be used as a quantum-mechanical
two level system, which can be easily controlled.

For a long time, a controllable ¢ JJ existed only as a theoretical construct.
The aim of this thesis was, first, to realize a ¢ Josephson junction experi-
mentally. Second, the applications of a ¢ Josephson junction as a classical
bit (memory cell) and as a ratchet were studied. Third, the retrapping
process in a ¢ Josephson junction was investigated.

The thesis is organized as follows:

The first chapter deals with the basics of Josephson junctions. The physics
of 7t Josephson junctions are reviewed and the concept of ¢ Josephson
junctions is introduced. In the second chapter, the data of the first publi-
cation is presented. Therein the experimental evidence of a ¢ Josephson
junction is discussed. In the third chapter, the first application of a ¢
Josephson junction as a memory cell (classical bit) is reported. The chapter
is a summary of the second publication. In chapter four, a manuscript in
preparation is presented. In this chapter the operation of a deterministic
ratchet based on a ¢ Josephson junction is discussed. The asymmetry



of the ratchet is tunable by an external magnetic field. The overdamped
and the underdamped regime of rectification are investigated. The fifth
chapter deals with another manuscript in preparation. The topic is the
retrapping process of the phase in a ¢ Josephson junction. The work is
closing with a Summary and Outlook. The used abbreviations and sym-
bols are described in the chapter Acronyms and Symbols. All the used
references are given in the Bibliography. Reprints of the publications are
attached at the very end of this thesis.






2 Basics

2.1 Josephson Junctions

A Josephson junction is a system consisting of two weakly coupled su-
perconductors. In the simplest case the superconducting electrodes are
separated by a thin (only few nanometers thick) insulating barrier (SIS
junction). In the insulating barrier the order parameter of the two su-
perconducting electrodes ¥1 and ¥ is suppressed exponentially. If the
barrier is thin enough, then the macroscopic wave functions of the two
superconductors overlap, which leads to a weak link. The supercurrent I,
which can be carried dissipationless through a conventional Josephson
junction is described by the first Josephson equation [Jos62]

I = Ipsin(¢) (2.1)

The Josephson phase ¢ is the phase difference of the wave functions of
the two superconductors

2 Lo
p=0r—01— % [A-d 2.2)
The vector potential is integrated over the barrier from superconductor 1
to superconductor 2.
The current-phase relation (CPR) as described in Eq. is the simplest
form of the general relation

Is = i Loy sin(ng) (2.3)
n=0

with the coefficients I.,, [BK04], which depend on the coupling and the
type of contact.
One can see from Eq. (2.3), that the CPR, for example, can have a second
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harmonic ~ sin(2¢). The consequences of a second harmonic in the CPR
will be discussed in section[2.3] For the discussion in this section only the
CPR given by Eq. is considered.

The maximum supercurrent that can be passed though the junction is
the critical current Iy [GKI04]]. For I > I the current cannot be carried
by Cooper pairs alone anymore, but also by quasiparticles and a voltage
drop is detected across the junction. A relation between the voltage V and
the derivative of the phase is given by the second Josephson equation

. _d¢ 2 27

0= 3 =7V = 3 (2.4)

where ®( ~ 2.07 - 10~1°> Wb is the magnetic flux quantum. The Josephson
potential in general is the integral of the CPR

_ %o
u(g) = 52 [ 1(g)dg @3)
and in this case for Eq. the Josephson energy is given by

U() = Ej(1— cos g) 2.6)

with the Josephson coupling energy E; = Iy®y/27 and the integration
constant chosen so, that U(0) = 0.

As long as no current (I = 0) is flowing over the Josephson junction, the
junction is in the ground state. The two superconducting wave functions
of the electrodes behave coherently and establish a (Josephson) phase
difference of ¢ = 0. The ground state corresponds to the minimum of the
Josephson energy (Eq. (2.6)). A Josephson junction with a CPR given by
Eq. has its minimum of energy at the Josephson phase ¢ = 0 and for
that reason the junction is called 0 Josephson junction (0 JJ), see Fig.

The dynamics of a Josephson junction in the short junction limit can
be described by a simple analog system, which has the same differential
equation of motion as a Josephson junction. In this analogon the Josephson
phase is represented as a particle in a washboard potential (compare
Eq. 2.5), Fig.2.1]and Fig.[2.2). Applying a bias current to the junction
corresponds to a tilt of the washboard potential and exerts an external
force to the particle. If the critical current Ij is reached, the junctions jumps
to the voltage state and the particle begins to roll down the potential.
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Figure 2.1: (a) Current-phase-relation I;(¢) and (b) Josephson energy U(¢)/E J
for a 0]J and a 7t JJ. The sphere marks the ground state (minimum of
energy) foraOanda 7 JJ.
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Figure 2.2: Washboard potential with the phase particle (sphere) for different tilts
(bias currents).

2.2 7t Josephson Junctions

Already in 1977, Bulaevskii ef al. predicted [BKS77, BKSL78] that a neg-
ative critical current Iy < 0 may occur in a Josephson junction with a
barrier with magnetic impurities. The current-phase relation for this case
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then reads
Iy = — |Ip| sin(¢) = [Ip| sin(¢ + 7) (27)

and the Josephson energy is
U(¢) = Ej(1+cos¢). (2.8)

One can easily see that the minimum of the Josephson energy isat ¢ = 7
and that the ground state for such a Josephson junction is ¢ = 7, see
Fig.2.1b). Accordingly, the junction is called 7t Josephson junction (7 JJ).

2.2.1 Ferromagnetic 7t Josephson Junctions

The first experimental realization of a 7 ]] based on a heterostructure with
a ferromagnetic barrier was demonstrated by Ryazanov et al. [RORT01].

A so called ferromagnetic Josephson junction is a Josephson junc-
tions with a ferromagnetic interlayer, e.g., Superconductor-Ferromagnet—
Superconductor (SFS) JJ [BTKP02, BBA™04] or Superconductor-Insula-
tor-Ferromagnet-Superconductor (SIFS) JJ [KAL"02].

If one first considers the simple case of a superconductor in contact with
a normal metal, the order parameter enters into the normal metal and is
suppressed exponentially on the length scale of the coherence length ¢y .
This effect is called proximity-effect [Buz05] and is depicted in Fig.[2.3|(a).

Now, let us consider the case, when a superconductor is in contact
with a ferromagnet, see Fig.[2.3|(b). In such a heterostructure the order
parameter is also suppressed exponentially (~ e(~2/¢1)) (due to the prox-
imity effect) on the length scale ¢rq, but in addition, it is oscillating on
the length scale 27t¢rp. This results in a order parameter that shows a
damped oscillation in the ferromagnetic interlayer. The oscillating order
parameter is a consequence of the exchange field Hex of the ferromagnet.
The Cooper pair electrons coming from the superconductor and entering
into the ferromagnet experience the exchange field Hex, which leads to a
Zeeman splitting of the two spin polarities. The potential energy of the
Cooper pair electrons changes by the exchange energy Eex = £uppoHex,
respectively for the spin direction (1 or |). However, the total energy of
each electron must remain the same. Therefore the change in potential
energy is accompanied by a change in kinetic energy. The electron with
parallel spin direction decreases its potential energy and increases its
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Figure 2.3: Spatial dependence of the superconducting order parameter ¥(z) at
(a) the NS interface and (b) the SF interface with the corresponding
decay lengths.

kinetic energy. For the electron with the antiparallel spin it is vice versa.
In both cases the electrons gain a shift into the same direction in k-space.
This leads to a shift of the center of mass momentum of the Cooper pair of
Q = 2Ex/vE, where vr is the Fermi velocity in the ferromagnet. Since the
spin wave function of a Cooper pair is antisymmetric, the orbital wave
function is symmetric (for the spin-singlet state (1/ — }1)) and given
by: ¥ o eliQz/1) 1 (-1Q2/) « cos(Qz/h). Additionally, by taking into
account scattering effects of the Cooper pairs in the ferromagnet, the wave
function will be damped on the length scale ¢ ;. This leads to a damped
oscillating order parameter in the F-layer:

T(Z) o ez/gFl . eiiz/gl:z (2.9)

[DAB97]. For a weak ferromagnet the coherence lengths ¢ ; are given
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by

: hD
F12 =
[E2, + (kgT)2]"? + mkgT

where D is the diffusion constant of the electrons in the ferromagnet, kp is
the Boltzmann constant and T is the temperature [ROR™01].

If the exchange energy Eey is of the same order of magnitude as kgT,
the ratio of {1 /Cpo can be changed by changing the temperature T. For
certain junction parameters a temperature induced transition between a
0 coupled and a 7t coupled junction can be achieved in a junction with a
constant thickness of the ferromagnetic interlayer. This 0-7r transition was
observed experimentally [ROR™ 01, OBF" 06, SBLC03, WKG " 06].

Now, it is obvious that the ground state phase of a JJ depends on
the thickness of the ferromagnetic barrier dr of an S(I)FS J]. By properly
choosing the thickness of the ferromagnetic interlayer df, it is possible to
realize either a Q or a 77 JJ.

(2.10)

2.2.2 SIFS Josephson Junctions

To investigate dynamical properties of a JJ one needs underdamped (hys-
teretical) junctions. The damping of a Josephson junction in the framework
of the resistively and capacitively shunted junction (RCSJ) model is de-
scribed by the Stewart-McCumber parameter B, = (27tIgR?>C) /®q with
the capacitance C and the normal resistance R. To achieve 7 JJs with low
damping it is necessary to have a JJ with high critical current Iy and high
resistance R. Unfortunately, the junction resistance in SES JJs is quite low
(~ 10pQ)). By introducing an additional insulating interlayer into the
junction (SIFS JJ) the critical current is reduced, but the resistance R is en-
hanced. This results in a underdamped 7 JJ [KAL™02, BSH™ 06, WTK06].

The critical current in SIFS JJs as a function of the thickness of the
ferromagnetic interlayer dp is given by

—dp de — ddead
Ip(dg) Le< 5F1F) cos | ——F (2.11)
B2 §2)

with the transparency factor g, of the SIF-part and the thickness dd¢ad of
the non-magnetic part of the interlayer [WKG™ 06, Buz05].
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2.2.3 Technology

There are many other possibilities to realize 77 JJs using different physical
effects and technologies. For example [Gol12]:

1. Josephson Junctions with spin flipping magnetic impurities in the
insulating barrier. In the pioneering work of Bulaevskii et al. [BKS77] it
was predicted, that 7 JJs may be realized by such JJs. These 7 JJs with
ferromagnetic insulating or semiconducting barriers were investigated
theoretically by Barash et al. [BB02] and Fogelstrom [Fog00]. The prox-
imity effect in this kind of JJs can be disregarded, because it is much
weaker as in S(I)FS JJs. In this type of JJs the appearance of the 7 ground
state is caused by quasiparticles scattering on a magnetically active in-
terface [Fog00]. There may occur two different tunneling contributions
to the critical current. The tunneling probability through the barrier
without spin-flipping creates a positive current (0 JJ) and the tunneling
with spin-flipping generates a negative current (7t JJ). The two tunneling
currents have opposite polarity and different temperature dependencies
[VGGT06]. Depending on which spin channel dominates, either a 0 JJ
or a 7t J] is formed. These SIS JJs with ferromagnetic impurities in the
insulating barrier are called S(FI)S JJs. The first experimental realization
of a 77 J] based on a S(FI)S J] was demonstrated by Vévra et al. [VGG™06].
The transition from the 0 coupled JJ to the 7w coupled JJ] was induced by
the temperature.

2. JJs based on unconventional superconductors. The first experimen-
tal realization of a 7t J] was based on a corner JJ, consisting of a d-wave
(YBCO) and a s-wave (Pb) superconductor [vH95]. d-wave supercon-
ductors have an anisotropic order parameter, which depending on the
direction changes the polarity. This sign change is utilized in combination
with s-wave superconductors to create a 7 JJ or arrays of 0 and 7 JJs
(zigzag JJs) [VHI5| ISABT02, HAST03].

With grain boundary JJs it is also possible to realize 7r JJs [TKOQ,
CSG™02].

With unconventional superconductors, it is not possible to fabricate a
single 7t JJ, but a 7 J], that is in connection with a 0 JJ. This junction is
called 0-77 junction.

3. Superconductor — Quantum dot- Superconductor Josephson Junc-
tions. The current transport through Superconductor —Quantum dot—
Superconductor JJs is very similar to the one in JJs with spin flipping
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magnetically impurities in the I-layer. But typically only one conduction
channel is present. Often carbon nanotubes (CNTs) are used as quantum
dots [KKR™99]. By applying a gate voltage the CNT JJs can be tuned from
the 0 to the 7t state as proved by [CWB™06]. A reversal of the supercur-
rent (77 state) through a quantum dot with a semiconductor nanowire was
shown by van Dam et al. [vDNB™06].

4. Superconductor—Normalmetal — Superconductor —Josephson
Junctions (SNS JJs) may be utilized to create 7t JJs. The energy distri-
bution (double-step function) of the current-carrying density of states in
the normal metal is influenced by two electron reservoirs. By applying a
voltage the state can be changed between 0 or 7r [BMvWKO99].

5. With superfluid ®>He a Josephson junction can be realized that can
have a ground state phase of 0 or 7z [PLB"97, BPS™98, MSB"99].

2.2.4 Applications of 7 Josephson Junctions

As mentioned before a 7t J] has the constant phase ¢ = 77 in the ground
state. Due to that reason, the junction can be seen as a (never discharging)
"phase battery", which provides a constant phase ¢ = 7, similar to a
normal battery providing a constant voltage.

By integrating a 7 JJ into a superconducting loop one will observe a
supercurrent though the superconducting wire. No energy is dissipated in
this system and the phase battery does not discharge [Gol12]. A supercur-
rent is circulating in the loop, if |Ip| > ®y/(271L) with the inductance L of
the superconducting wire. If |Iy| > ®(/(271L) then the provided phase of
the phase battery is close or equal to 7t and otherwise smaller [Gol12]. The
current in the loop may flow clock-wise or counter-clock-wise, depending
on the phase shift being 7t or —7t. The state is the degenerate ground
state of the system and the current flow direction is spontaneous. The
circulating current induces a magnetic flux of ®y/2 or —P(/2 in the loop.
This value is half of the magnetic flux quantum ®( and due to that the
created fractional vortex is called "Semifluxon".

This phase battery can be used to create a phase bias to several classical
[OAM™06] and quantum mechanical [FOB™10] electronic circuits. In
several superconducting electronic circuits (e.g., RSFQ logic) the phase
battery can be used for self biasing the JJs and due to that bias lines
can be removed. In requirements related to Qubits and other quantum
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circuits the phase batteries can be used to decouple the system from the
environment and to reduce the decoherence.

2.3 ¢ Josephson Junctions

For applications as phase battery it would be desirable to have a Josephson
junction with a phase shift not only of 0 or 7z, but rather with an arbitrary
phase shift. This requirement can be fulfilled by a ¢ Josephson junction. A
@ Josephson junction is a generalization of a 7t ] with an arbitrary phase
0 < ¢ < 7 in the ground state.

The first suggestions for a possible realization of a ¢ J] was given by
Mints in 1998 [Min98]. He considered a long chain of alternating short
0 and 7 JJs, a 0-71-0-71-0-...-array. Every facet of the array has a conven-
tional current-phase-relation j; = %jj sin ¢, with js being the supercurrent
density and jj the critical current density.

Further theoretical investigations on 0-7t junction based ¢ JJs were
performed by Mints et al. [MP00] and Buzdin et al. [BKO3]. In their
considerations the phase of the system (of the 0-77-0-77-0-...-array) for
short junctions and small magnetic fields can be described by

$(x) = p+E(x)sing (2.12)
where

¥ = (p(x)) (2.13)

is the constant spatially averaged phase ¢ and §(x) is a rapidly alternating
function (|¢(x) sin| < 1) on the order of the length of a single facet. ¢(x)
can also be seen as a deviation from the average phase 1. For a simple
illustration of the Josephson phases along one 0-7r segment of the whole
array see Fig.

The effective CPR is given by [Min98, MPK ™02, BK03]

js = jisin() + j2 sin(2¢p) (2.14)

where the spatially averaged critical current density is j; = (jc(x)). The
second harmonic term has the amplitude j, < 0, which depends on the
length and the critical current densities of the facets.

The ground state of the system is doubly degenerate with ¢ = ¢ for



14 2 Basics

E 0'8 T T T T I T T T T T T T T I T T T T

= i i

E 0.6+ /‘

= i

E 04 —J -

=

g Y 1
0.2 _

<

[oh -

c

= 0.0

<z - .

g 024 gxsny i

'g T T T T I T T T T T T T T I T T T T

-1.0 -0.5 0.0 0.5 1.0

coordinate along JJ (a.u.)

Figure 2.4: The total phase ¢(x) of a short 0-77 JJ can be described as a sum of the
average phase i and a deviation &(x) from the average value.

jo < —j1/2and
¢ = arccos|~ji/ (2)»)] (2.15)

where 0 < ¢ < 7 is the arbitrary phase.

This ¢ JJ has some interesting and remarkable physical properties,
e.g., Josephson vortices that are not quantized occur in such a JJ. These
splintered vortices were predicted by Mints ef al. [Min98] and could be
observed experimentally at grain boundaries in YBa;CuzO7_5 [MPK™02].

There are many proposals how a ¢ Josephson junction also can be
realized [GS09, PGKK10|, HPK ™13, Turl3]. Below I focus on Josephson
junctions with a steplike ferromagnetic barrier (0-7r SIFS J]s).

Let us now consider the smallest element of such a 0-77-0-77-0-...-chain,
which is only one period of the chain and just a 0-7t JJ, see Fig. This is
the simplest system for a potential realization of a ¢ JJ.

The physical lengths of the two segments Ly and L, are supposed to
be short Ly, L < Aj and generally speaking asymmetric Ly # Ly, where
Ay o 1/+/jo is the Josephson penetration depth. L = Ly + Ly is the total
length of the junction, see Fig.

Nevertheless, it took a long time to solve the following contradiction
concerning the dependence of the critical current in a magnetic field
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Figure 2.5: ¢ J] based on a SIFS 0-7t J] with a step of thickness in the ferromagnetic

interlayer.
IR
X
>
Lt % o by

Figure 2.6: Schematic picture of an asymmetric 0-7t JJ. Adapted from [GKKMIT].

H (I.(H) pattern) of a ¢ JJ. On one side, by using the linear phase
ansatz ¢(x) = Hx + ¢p and the usual CPR, this leads to a cusplike
minimum in the I.(H) dependence at H = 0 in an asymmetric 0-7
JJ. This I.(H) pattern is in agreement with the experiments on 0-7 JJs
[VH95, KWW ™10, WPK™10]. On the other side, by using the second
harmonics in the CPR (Eq.(2.14)) (like successfully used for the descrip-
tion of Josephson properties in YBa,CuzOy7_; grain boundary junctions
[MPK*02]) and the linear phase for the average phase ¢, this results in a
I.(H) pattern that looks like a Fraunhofer pattern and has a maximum at
H = 0 [GKKB07].

This contradiction could be cleared by Goldobin et al. [GKKMI1]. In
this work an asymmetric 0-7t JJ (see Fig. is analyzed in an external
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magnetic field. The main idea is to use the ansatz ¢(x) = ¢ + ¢(x) sinp
(Eq. (2.12)) with the average phase ¢ and substitute it into

¢ = (o) [+ g(x)]sing = — (2.16)

with the normalized bias current density v = j/jo. This equation was
derived from the static sine-Gordon equation

¢*(x) = je(x) sin[p(x)] = — (2.17)
which has a step-function in the critical current density
. —jo, for —Lpy<x<0
= 2.18
Je(x) {+jo, for 0<x < L. (2.18)

The average critical current density is (j.) and the deviation is

_ 2L
8 = Tois for x<0
xX) = ™ 2.19
g( ) {go = LﬁELLnn’ fOr X > 0 ( )

of the average value (g(x)) = 0.
The calculations of Goldobin et al. [GKKM11] result in the effective
CPR for the current density

7= {je) [Sinl,b +Tyhcosy + % sin(21/))} (2.20)

and accordingly, the experimentally very important effective CPR for the
supercurrent

Iy = (I) {sin Yp+Tyhcosy + % sin(le)] (2.21)

with (I.) = (jc) Lw and the width w of the J].

The normalized applied magnetic field is given by h = 2tA;AH /g
and A is the effective magnetic thickness.

This effective CPR has the negative second harmonic sin(2¢) like in
earlier works [Min98, MPK ™ 02| [BK03]. Furthermore there is an extra term
o h cos 1P in the CPR induced by the magnetic field H. This means, that
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Figure 2.7: (a) Effective CPR (¢) and (b) effective Josephson energy U(y) for
different magnetic field values / for an asymmetric 0-77 J] with Lo =1
and L; = 0.9. Adapted from [GKKM11].

the effective CPR is tunable by the applied magnetic field, see Fig.2.7(a).

The Josephson energy is the integral of the CPR (Eq. (2.21)) and is given
by

U(y) = (Ej) |1 —cosp +Tyhsiny + %Sinzlp (2.22)
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with the coupling energy (Ej) = @ (I) /27. The coefficients are given
by

4 [212
[p= ——-—07 2.23
LOer
I, = 2.24
" oL (2.24)

and depend only on the junction parameters.

Lipman et al. [LMK™ 12| extended the work of Goldobin et al. [GKKMTT]
to the more general case of arbitrary current densities j.o # jc, of the
0 and the 7t part. This approach is more suitable for the 0-7r SIFS JJs
investigated in this thesis, because the length of the 0 and the 77 parts are
equal, but the current densities j. g and j¢, in both parts are different. The
coefficients are then defined as

B2 (oo — je)?
=0 _Yad " Jer 2.25
0 3 (]c,010+]c,nln)2 ( )

2 jC,OZO +jc,7tl71
with the lengths [y and I; normalized to the Josephson length Aj((jc)).
Here the averaged critical current density is
(je) = (Lojeo + Laje,n) /(Lo + L)
The effective CPR remains the same as in Eq. (2.20). For the case of
equal 0 and 7t segments (Ip = I = 1/2), Eq. and Eq. reduce

to

= fobx oo —jer (226)

12 ja - jc n)z
Ig=—— | 77— 2.27
° 12 (]c,O +Jen @27)
l ja _jc 7T
Iy, =-+——" 2.28
h 4]c,O + Je, ( )

In Fig.[2.7(b) the Josephson energy is depicted for the same values of
the magnetic field /1 as the effective CPR in Fig.[2.7(a). In zero magnetic
field, it is visible, that the cosine-like potential (of a conventional JJ) is
transformed into a double well potential due to the existence of the second
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harmonic. The double well potential is symmetric and consequently has
two degenerate ground states. For an applied magnetic field / the form
of the potential U(y) can be modified. One of the potential minima,
depending on the polarity of the magnetic field, is getting deeper and
the other one is getting more shallow, up to the point, where it totally
disappears.

With the effective CPR (Eq. (2.25)) in zero field, it is possible to calculate
the domain, where the ¢ state exists as a function of the segment lengths
Lo and L. An estimation for which length the degeneracy occurs can be
done with

3

412 +3

[ 3

In Fig.2.§| this approximation is shown as dashed line and compared with
the exact results [BKSL78]] indicated as solid line. It can be reasoned, that
the approximation works very well. The areas of different colors indicate
the validity of the approximation |&(x) siny| < 1. From green, with a
well working approximation, to red, where the approximation is invalid.

LOZLT(

(2.29)

To answer the question experimentally, whether one deals with a ¢ JJ
or not, the I.(H) pattern at small magnetic fields / is observed.

In Fig.[2.9)the critical current dependence of the magnetic field -y, (1) for
different lengths of the two facets (Lo # L) is calculated and compared
with numerical simulations (cyan) performed with STK]] [Gol03]. The
results are in good agreement. The length asymmetry used in Fig.[2.9(a)
lies deep inside the ¢ region, compare Fig. One finds a y.(h) depen-
dence with four possible critical currents for || > 0.6. The four critical
currents correspond to the escape of the phase out of the two different
potential wells in the two bias current directions. For higher magnetic
fields || < 0.6 the second minimum is disappearing and due to that only
two critical currents can be expected.

In Fig.2.9(b) and Fig.2.9(c), a 0-7 JJ] with larger length asymmetry is
shown. The domain of existence of the four critical currents is getting
more narrow and collapses with increasing asymmetry of the lengths.
The disappearance of the crossing branches of the 7.(/) dependence
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corresponds to the crossing of the boundary of the ¢ state. Hence, a
characteristic property of a ¢ JJ is the crossing of the branches at the main
minimum of the y.(h) pattern.

A further typical feature of a ¢ J] is the shifted cusplike main minimum
of the y.(h) pattern. This shift depends on the length asymmetry and can
be utilized to determine the value of ¢.

To observe two critical currents .+ for each bias current direction a
Josephson junction with low damping is required. Otherwise, due to high
damping, the phase is always trapped in the deeper minimum and only
the higher critical current can be measured.

Due to the possibility to tune the Josephson potential asymmetry by
applying a magnetic field, it is possible to use ¢ Josephson junctions as
phase ratchets. Furthermore, the doubly degenerate ground state can
be used as a macroscopic quantum two-level system. Additionally, the
bistable system can be controlled by the magnetic field.

The experimental proof of a ¢ Josephson junction and its applications
are discussed in the following chapters.
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Experimental Evidence of a @
Josephson Junction

For a long time, a controllable ¢ Josephson junction existed only as a
theoretical construct. Quite recently the first ferromagnetic ¢ JJ could be
realized experimentally in our group. In this publication we report on the
existence of such a ¢ Josephson junction.

The ¢ J] we deal with is based on a 0-7r J] produced by SIFS-technology.
The heterostructure is fabricated as a Nb|Al-Al;O3|Nig ¢Cug4|Nb mul-
tilayer. A step is etched into the ferromagnetic interlayer to realize a 0
and a 7t segment of the junction. The Josephson phase ¢(x) of this 0-77 JJ,
due to the short normalized length, can be treated as a constant average
phase ¢ = £¢ along the whole junction. The value of ¢ lies in the inter-
val 0 < ¢ < 7 and can be chosen by choosing the junction parameters.
The 0 and the 7 facets of the 0-77 J] have almost the same length and an
asymmetry in the current densities. The parameters of the junction are
such, that the JJ lies well within the domain of existence of the ¢ state, see
Fig.[3.1}

A typical property of a ¢ J] is the doubly degenerate ground state
+¢ and —¢ at zero magnetic field. The escape of the phase out of the
-+ ¢ or the —¢ well corresponds in experiment to the observation of two
different critical currents I.+ and I._, respectively, for a positive bias
current direction. For negative bias currents the situation is vice versa
and in total four critical currents can be observed, see Fig.

The larger critical current I, is observed at any temperature (at any
damping) in the superconducting state. For the observation of the lower
critical current I, (—I.—) low damping is required, so that retrapping in
the +¢ (—¢) well is avoided.

In this experiment, £I.4 and £I._ clearly are identified on the current-
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Figure 3.1: Domain of existence of the ¢ state. The star indicates the parame-
ters of the investigated sample. Figure modified from the appended
publication I. © 2012 by the American Physical Society.

voltage-characteristic in the temperature range between 3.5K and 300 mK,
see Fig.3.2

The two critical currents could not only be observed at zero field, but
also at finite but small magnetic fields. This can be seen in the I.(H)
dependence (see Fig.[3.3), where the crossing of two branches for each
bias current direction is shown. At the crossing point, the cusplike main
minimum is located and is shifted off from H = 0. The magnitude of the
shift can be utilized to determine the value of ¢.

With this measurement two typical features of a ¢ Josephson junction
were demonstrated.

Another important property of a ¢ JJ is that the effective CPR and the ef-
fective Josephson potential are tunable by the magnetic field. By applying
a sufficiently high magnetic field the second potential minimum can be
removed. Consequently, the phase is trapped in the other potential well
and the system is in a defined and well-known state. In the experiment the
feasibility of this method of preparing the state by applying a magnetic
field was demonstrated.

Another possibility to prepare the phase into a certain potential well
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JJat T = 235K and H = 0 with the two observed critical currents
+1I.4 per bias current direction. Figure modified from the appended
publication I. © 2012 by the American Physical Society.

is to apply a special bias sweep sequence. This method is based on
the retrapping of the phase after an applied bias current is removed
again. A certain damping is required to trap the phase in a particular
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Figure 3.3: Experimentally observed I.(H) dependency (black) and numeric simu-
lations (red). Figure modified from the appended publication I. ©2012
by the American Physical Society.

potential minimum. In the experiment this deterministic retrapping could
be achieved at a temperature of T ~ 2.35K.

The measured I.(H) pattern is compared with numerical simulations
performed with the program STK]J]J, which solves the full sine-Gordon
equation. Additionally, some parameters of the simulations were ex-
tracted and used for further calculations, e.g., the effective CPR.

For this ¢ JJ (because it lies deep in the ¢ state) the analytical equa-
tions of the effective CPR Eq. and the effective Josephson potential
Eq. are not strictly applicable anymore. For this reason the CPR and
the effective Josephson potential were calculated numerically. The results
of numeric and analytic calculations are very similar and qualitatively the
same. The numerically calculated CPR can be used to determine the value
of ¢ = 0.45m at I = 0 for the investigated ¢ J].

In conclusion, the first experimental evidence of a ¢ Josephson junction
based on a 0-7t SIFS J] was demonstrated. In the I.(H) pattern the cusplike
main minimum is shift off from H = 0. Furthermore, the existence of two
critical currents 1.+ was shown, which corresponds to the phase escape
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from the states 4+ ¢ and —¢. The phase can be prepared into a particular
state +¢@ or —¢ by (a) applying an external magnetic field, that removes
the degeneracy or (b) applying a special bias current sweep sequence at a
certain damping. To measure deterministic behavior a specific damping
(temperature) is needed, otherwise the states +¢ and —¢ are observed
randomly. The value of ¢ = 0457 at I = 0 was calculated for the
investigated Josephson junction.
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Own contributions to this publication

All publications were done in cooperation between our group in Tiibingen
and the group of H. Kohlstedt. The samples used in this publication were
fabricated in the group of H. Kohlstedt. Until 2009 the group was located
in FZ-Jiilich and M. Weides did the sample preparation. Now, the group
is situated at the Universitdt zu Kiel and N. Ruppelt is fabricating the
samples.

My contribution was mainly in the experimental part of the work. From
a very large number of samples I systematically searched and discovered
the desired sample with the required properties for our measurements. On
this sample I performed all the measurements at different temperatures
and did the evaluation of the experimental data. Numerical simulations
of the magnetic field dependence were done by myself with the soft-
ware STK]] (programmed by E. Goldobin). I wrote the first draft of the
manuscript.
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Nowadays, when the prices of energy have increased and the discussion
of saving energy is omnipresent, there is a big interest in energy efficient
information and communication technology. Semiconductor microelec-
tronics is still going strong, even though the processing of the digital
information needs to be more efficient [LS91]]. A good candidate for much
lower energy dissipation are digital superconducting circuits based on
Josephson junctions. For example, the Rapid Singe Flux Quantum (RSFQ)
technology offers digital operations with very low power dissipation,
extremely high speed and high sensitivity [Muk11]]. Presently, in RSFQ
technology the main challenge is to find a suitable superconducting mem-
ory, which has high capacity, is operating fast and is energy-efficient
[VBBT13].

In this publication we show, that a ¢ Josephson junction can be used as
a memory cell (1 classical bit). The demonstration of this so-called "¢ bit"
is a proof of principle and the first step towards a memory consisting of ¢
Josephson junctions. The integration into a RSFQ logic is possible.

The doubly degenerate ground state of a ¢ JJ is utilized to store one bit of
information. By applying a magnetic field one can remove the degeneracy
and make the potential so asymmetric, that one of the potential wells
disappears. This is how the desired state 4-¢ or —¢ can be written, see
Fig.[4.T(a). After the writing process, one switches the magnetic field back
to zero. The present state of the junctions will be stored infinitely long, as
long as the Josephson junction is kept cold. For the readout of the state,
the two different critical currents I._ and I are used, which correspond
to the —¢ or +¢ states, Fig.[4.1[b). By applying a bias current (read out
pulse) Iro, which lays in between I.— and I, the state is detected. If a



4 Publication II:

3 Memory cell based on a ¢ Josephson Junction

o

T TT I LI LI I T T 11 UL LI T T 17T I L
r(a TN ~
[/ write +¢ write —¢ _\
E\\H <-H, H>+H1_ L 2
"__‘ -¢ +0
___ hZO <|.

T+ | <1
o RO c+
LENLENLINL B B B TT T T [T T 7T LIS N N I B TT T T[T 1711

-10 -05 0.0 0.5 -0.5 0.0 0.5 1.0
phase y/nt phase g/mt

o N

o & AN
total energy U(W)/E, - /01 O

o N MO

||||||\

'
(e}

Josephson energy U(W)/E,
LN
717

Figure 4.1: The principle of (a) writing the state by applying a magnetic field H
and (b) reading the state by applying a bias current (read out pulse
I.— < Iro < Ic4). Figure modified from the appended publication II.
©2013 by the American Institute of Physics.

voltage V across the JJ can be measured, the initial state was —¢. If no
voltage can be detected, the J] was in the + ¢ state.

In Fig. 4.2|the experimental operation of the ¢ bit is demonstrated. A
sequence of the writing and reading process of different states is recorded.
The series of the prepared states is —¢, +¢, —¢, —¢, +¢, +¢, —¢, —¢,
—@, +¢, +¢, +¢, see Fig. a). In Fig. b) the state is read out and in
Fig.[4.2c) on can see, that the ¢ bit works perfectly.

The advantage of this ¢ memory cell is, that it is easily controllable
by the externally magnetic field. In the "store" state it does not dissipate
any energy. Even the readout of one state (—¢) is not destructive and
dissipationless. For RSFQ circuits the ¢ ]JJ is a ready-to-use flip-flop and
can be integrated as on-chip memory. With regard to the speed of the
operations, in principle, the characteristic frequency w, of the JJ is the
only limiting factor (if an on-chip-coil is used). For this device, this
results in w, ~ 75GHz, which is quite fast. Although the ¢ JJ used in
this experiment is quite large (L = 200 um), technologically it should be
possible to realize a bit, which is only L = 4 um small.

In conclusion, the application of a ¢ JJ as a memory cell was demon-
strated, which can be controlled easily by the external magnetic field and
the bias current. No energy is dissipated during the information being
stored.
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Own contributions to this publication

For this publication, I carried out all the measurements and did the data
evaluation. I was involved in writing the manuscript and contributed the
graphs with experimental data.
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In this chapter, a summary of a manuscript in preparation is given.

H. Sickinger, M. Weides, M. Knufinke, N. Ruppelt, H. Kohlstedt, D.
Koelle, R. Kleiner and E. Goldobin

Ratchets or Brownian motors attracted a lot of interest in the last
decades. A so-called ratchet operation occurs, when a particle is mov-
ing in a potential and has a predominant direction even though the ex-
erted external force vanishes in time average. A substantial requirement
of a ratchet is a periodic potential with a broken reflection symmetry.
Apart from answering some fundamental questions, they can be im-
mediately employed for the extraction of work out of nonequilibrium
thermal fluctuations, for rectification, or for particle separation [Lin02,
HMNO5, HMO09]. Aside from the ratchets existing in nature [JAP97], there
are plenty of artificial ratchet implementations, in particular, based on
nanostructured superconductors: Abrikosov vortex ratchets [VSN™03,
SNO02||, Josephson vortex ratchets [FMMC99|, TMFOQ0, IGSK01), [Car01],
CC01}, ICCM 702, [Lee03], [UCK ™04, BGN ™05, WZG ™09, KIST12], SQUID
ratchets [WKM ™00, SKK05} [SKK09].

In particular, the Josephson junction (J]J) ratchets [FEMMC99] have sev-
eral advantages [BGN™05].

In a single point-like JJ the Josephson phase ¢ can be considered as a
coordinate of a particle moving in a periodic potential (Josephson potential
energy U(¢)). However, the Josephson potential U(¢) in most types of JJ
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is reflection symmetric and its shape is hardly controllable.

Thus, during many years there was no possibility to create a simple Jo-
sephson junction ratchet. Researchers, however, were able to demonstrate
more complex Josephson ratchets (with more than one JJ or with extended
JJs), such as asymmetric SQUID ratchets [SKKO05, SKKQ9] or Josephson
vortex ratchets [TMFOO0, [CCO0T|, BGN ™05, KIST12]. The physics of such
devices is more complicated and they are not as reliable as the simple
ratchet.

Recently, our group suggested [GKKM1T] and demonstrated [SLW "12]
a ¢ J] with a magnetic-field-tunable Josephson energy profile. For this
kind of JJ, the following common behavior is observed. At zero magnetic
field i = 0 the Josephson energy U (1) is reflection symmetric. Ath # 0 it
becomes asymmetric (due to the presence of cos(2y) and sin(y) terms in
Eq.[2.22). Thus, one is also able to tune its asymmetry during experiments
by changing h, e.g., switch it on, off, reverse its sign, etc., see Fig. This
is an extremely useful feature from a practical point of view as it allows
to compare the transport with and without asymmetry and optimize the
ratchet performance by tuning the asymmetry.

In this paper we demonstrate the operation of a deterministic ratchet
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based on a ¢ J] with magnetic-field tunable asymmetry of U(¢).

The samples we used are superconductor-insulator-ferromagnet-
superconductor (SIFS) 0-7t Josephson junctions (J]s) as also investigated
in our former experiments [SLW™12]. Such a JJ as a whole behaves
[GKKMT1, LMK™12] as a ¢ J] with the average phase ¢ = (¢(x)), and
the Josephson energy U(¢) is qualitatively similar to the one given by
Eq. 222). In any case it is important that at bias current I = 0 and
magnetic field H = 0, U(¢) is a 27t periodic double well potential with
the wells at y = £¢. At H = 0 the wells are degenerate, while for
H # 0 the degeneracy is removed [GKKMI1, LMK™12, SLW"12]. We
investigated two samples that show similar results. The samples we used
for this experiment were also measured in earlier experiments [SLW™12].

As demonstrated in our previous works [GKKB07, SLW"12] a typical
property of a ¢ JJ is to have two critical currents for each bias current
direction at zero magnetic field H = 0, |I.—| < |Ic+|. These two currents
correspond to the escape of the phase out of the —¢ and the +¢ well of
U(y), respectively, for a positive bias current I > 0. In contrast to .y,
the current I, can only be observed for low damping. In general the
damping in SIFS J]s is strongly temperature-dependent and reduces for
lower temperatures [PKK™08].

For this reason the measurements were performed in a *He cryostat
at temperatures T down to 300mK. This cryostat is equipped with a
multilayer mu-metal shielding. All sample lines have been filtered elec-
trically both at room temperature and at cryogenic temperatures. The
magnetic field was applied by a coil with H = # - I,; with the coil factor
n~>5 % ;—i. For temperatures well below 3.5K the damping was low
enough and both critical currents I, and I._ were observed.

We performed our measurements at two different temperatures to
investigate the regime of high damping (overdamped ¢ J]) at T = 3.5K
and of low damping (underdamped ¢ J]J) at T = 2.35K. The current-
voltage-characteristics (IVCs) are shown in Fig.

The first step which appears on the IVC at V ~ 39 pV in Fig.[5.2a) for
T = 3.5K is a half-integer zero field step (hi-ZFS). It can be treated as a
Fiske step induced by the phase jump at the 0-7r-boundary of the SIFS
JJ INSANO6, NSANT10]. The asymptotic voltage of this step is given by
V12/F25 = VIS o 1/2L. The same step can be identified in Fig. [5.2(b) for
T = 2.35K with the voltage V ~ 421V and the height of the step is +step.
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Figure 5.2: IVCs of the ¢ JJ in the (a) overdamped regime at T = 3.5K and (b)
underdamped regime at T = 2.35K at different magnetic fields H.

The dependence of the critical current I on the externally applied
magnetic field H is shown in Fig. For I.(H) at T = 2.35K one can see,
that we observed two critical currents I, and I, in zero-field.

By applying a magnetic field one can change the asymmetry between
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Figure 5.3: I.(H) at T = 2.35K. Different vertical lines (I..;) correspond to differ-
ent measured rectification curves in Fig.

the wells of the Josephson potential energy U (¢) and create an asymmetric
periodic potential required for a ratchet operation, cf., Eq. (2.22). For
large magnetic fields one of the wells can even disappear, cf. Fig.
Correspondingly, one of the critical currents disappears too.

At T = 3.5K the damping is so high, that only I, was observed. I.(H)
is not shown, but looks similar to the one shown in Fig. However,
the I.(H) pattern does not show a crossing near H = 0, i.e., only one I. is
observed for each H.

In our experiment we measure the rectification curves V(Iac), ie., the
average voltage vs. the amplitude of applied ac bias current. For this
we apply a periodic bias current I(t) = I . sin(271ft) with the frequency
f = 100Hz and the update rate of 100000 points/second (period T =
10ms) and we measure the voltage N times with the sampling rate
100N samples/second. At T = 2.35K the value is N = 100, while at
T = 3.5K this results in N = 1000 measurements. In both cases the total
sampling time is 10 ms. The collected samples are averaged to obtain V at



5 Manuscript in preparation I:

38 Deterministic Ratchet based on a ¢ Josephson Junction
| min | max | step
6 rect rect rect

V(uV)

-1 Co 1o | |i| |i| 1 |i|=| P I I I T
00020406081012141618 2022
| (MA)

Figure 5.4: Rectification curve at T = 3.5K for different externally applied mag-
netic fields.

given I .. In Fig. and Fig. V(Iac) is shown for different values of
the magnetic field in the range of I,y = —3.5...25mA at T = 235K and
Ioi = —1.5...1.6mA at T = 3.5K, i.e, for different asymmetries of the
potential U (). Rectification was also observed for negative values of the
field (Io1 < 0) and the results look very similar but with negative V()
(V< 0:atT = 235K for I..j = —3.5... —0.5mA and at T = 3.5K for
Iol = —1.5... —0.05mA).

For the overdamped case the rectification curves are shown in Fig.
For small I, the current I(t) is so small, that it exceeds neither I.; nor
—I.1, so that V. = 0. Note that due to the high damping only £I.4

is visible on the IVC, see Fig. a). If I, becomes larger, ie., I.4 <
Iac < Istep (Irfgg? < I,c < I:if), the voltage becomes V # 0, because for
I(t) > +I.4 the J] jumps to the step. Again, due to the high damping the
IVC does not show a hysteresis and, as a result, V(I,.) increases smoothly
starting from zero.

In general, for zero magnetic fields |H| the potential U (1) is symmetric,
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Figure 5.5: Rectification curve at T = 2.35K for different externally applied mag-
netic fields.

so that the IVC is symmetric, too, [see Fig. (a) for I.o;; = 0.02mA],
and rectification is absent (not shown in Fig.[5.4). For a small coil current
Ioii = 0.05mA, the rectification appears, see Fig. The kink at I, =
1.2mA can be explained by a small asymmetry between the amplitudes
of the steps in the positive (+Istep) and negative (— Istep) directions.

The higher the magnetic field, the larger is the rectification window, see
Fig. The height of the step on the IVC changes with H. In our ¢ JJ
the heights of the steps +Istep and —Istep are different, which increases
the asymmetry of the IVC (cf. Fig.5.4/for H = #1.4mA). This leads to

an additional rectification and is responsible for the kink (at Irséif ) on the

V(I,c) curve.
The rectification curves for the underdamped case are shown in Fig.
For a small applied current amplitude I,c < | = I.+|, no rectification

can be observed and V = 0. For a larger driving current amplitude

I < lac < Istep (I;‘gé‘t“ < Ipe < Irséif), the voltage V becomes positive,

because the JJ jumps to the step. Due to the hysteresis on the IVC, see
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Fig. b), the voltage V jumps to a finite value in the beginning of the
rectification region. Note, that near H = 0 both I, and I._ are non-zero.
Our sweep is such that we go alternatingly to the negative and positive
direction so that upon return from the voltage state we always trap the
phase in the state revealing +1._. For lower temperatures T < 2.35 mK
the phase can be retrapped in different minima of U(y) or even show
random behavior [GKKM13].

For a even larger ac current amplitude Iseep < lac < |[—Ict | (Ifogy >

rect
Ipe > If:;f), the JJ reaches the resistive branch. For that reason there is
yet another region with higher V on the V(I,.) curve. For I > |—I |
(Iac > ID3X) the voltage V decreases because the junction also picks up
some negative voltage during the negative semiperiod.

For small magnetic fields, no rectification was observed, because the
IVC is symmetric, see Fig. for the IV at I,;; = —0.3mA. For higher
magnetic fields (H > #0.07 mA), —I._ does not appear, which results in
an asymmetric IVC [see Fig.[5.2(b) for H = #0.5mA] and rectification.
The higher the magnetic field, the bigger is the rectification window at
higher voltage (related to the resistive branch) and the smaller is the
rectification window at lower voltage (related to the step on the IVC). This
tendency proceeds up to H ~ #1.2mA. For larger H the step on the IVC
disappears and the first rectification region disappears too, see Fig.|5.5|for

Ioil = 2.5mA.

For comparison with the measured rectification curves Fig. and
Fig.[5.5|also show analytically calculated curves as black lines for each
value of the magnetic field. The model used for the calculations is a
combination of the two hysteretic models — the constant voltage step
model and the linear branch model [Gol13]. Those are, in fact, extensions
of the nonhysteretic model [KIST12] to the case with hysteresis.

This model is a first step to verify our experimental data theoretically.
For a definite theoretical proof of this problem, more calculations based on
the double-sine-Gordon equation need to be done. The implementation of
this into our software and the calculations will be done in the near future.

Although there were many theoretical studies on ratchets where the
particle moves in an asymmetric periodic potential, the practical imple-
mentation, especially in Josephson junction systems was missing, mainly,
because the Josephson energy in conventional junctions is reflection sym-
metric. Here we have demonstrated that in ¢ Josephson junctions this
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symmetry is broken and one can obtain rectification and directed trans-
port of the phase. The advantage of this system is that the asymmetry is
tunable by a magnetic field H, so that one can clearly see a (dis)appearance
of rectification as a function of H.
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Own contributions to this manuscript

For this work, I carried out all the experiment and analyzed the data. I
wrote the first draft of the manuscript.
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In this chapter, a summary of a manuscript in preparation is given.

H. Sickinger, M. Weides, N. Ruppelt, H. Kohlstedt, D. Koelle, R. Kleiner
and E. Goldobin

The "butterfly effect" is a term of the chaos theory and used for complex
nonlinear dynamical systems, that are extremely sensitive to the initial
conditions. Only a small change (perturbation) of the initial conditions
can result in a totally different final state. In long Josephson junctions the
butterfly effect was studied numerically by Yugay et al. [YY06].

In this publication we consider a ¢ Josephson junction which has a
Josephson energy profile equal to a 27r-periodic double-well potential
[Min98| BK03| (GKKMT1} SLW™12]. The ground state is doubly degen-
erate and has the phase ¢y = +¢ or = —¢. The application of a bias
current to the junction corresponds to a tilt of the potential. If the tilt of
the potential is large enough, the phase is not trapped in one of the two
potential wells anymore and slides down the potential. This means for
the Josephson junction, that it switches from the zero-voltage state to the
state of finite voltage.

Now the question arises, what happens when the bias current is de-
creased? In which of the two wells +¢ or —¢ will the phase be retrapped?

In our earlier work [SLW12] we reported on the retrapping of the
phase in a particular well by using a special bias sweep sequence. We
showed, that when the junction is returning from the positive-voltage
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state to the zero-voltage state, the phase is always trapped in the + ¢ state.
Inversely, when the junction is returning from the state of negative voltage,
the phase is retrapped in the — ¢ state. We only observed this deterministic
behavior at a certain temperature (T = 2.35K), which corresponds to a
certain and rather large damping. For lower temperatures T < 2.35K, the
damping is also lower and the destination well seemed to be random (at
T = 300mK) [SLW"12] .

In this work we studied experimentally the temperature dependent
retrapping process of the phase of a ¢ Josephson junction.

We focus on the switching of the Josephson junction from the voltage-
state to the zero-voltage state. As long as no bias current (I = 0) is applied
to the junction, the phase is trapped in one of the two potential wells,
either in the —¢ well or in the +¢ well. By increasing the bias current,
the potential is tilted and as soon as the corresponding potential well
disappears, the phase is sliding down the potential. Thus, the junction
is in the voltage-state. The required tilt for the escape of the phase out
of the potential well depends on the initial state of the junction —¢ or
~+¢. For positive bias currents I > 0, the phase escape from the —¢
state occurs at a lower critical current I._. The phase escape of the +¢
well arises at a higher I., see Fig. We proofed the existence of the
two critical currents 1.+ per bias current direction in our former works
[GKKMT1), SLW™12]. The possibility to use I.+ for the read out of the
state was demonstrated by Goldobin et al. [GKKM13].

Now, we are quasistatically decreasing the bias current and accordingly
decreasing the tilt of the potential. The current at which the phase is
retrapped in one of the potential wells is called the retrapping current
I;. This current depends on the damping (temperature) of the Josephson
junction.

The measurement method we used is equivalent to the method we
utilized to control the destination well in our previous work [SLW™12].
For example, if the junction is in the positive-voltage state, the phase
is sliding to the right. Then, the tilt is decreased and for a rather high
damping (at T = 2.35K) the phase is trapped in the right well (+¢ well).
If we then read out the state by applying a bias current, we detect +I.
for the positive bias current direction I > 0 (tilt to the right) or —I._ for
the negative bias current direction I < 0 (tilt to the left). And vice versa, if
the junction was in the negative-voltage state, the phase will be retrapped
in the — ¢ state.
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Figure 6.1: Josephson potential for the ground state I = 0, the retrapping current
I = I, the escape of the phase from the —¢ well I = I._ and the
escape from the +¢ well I = I.; (at magnetic field h = 0). The red
solid line shows the retrapping of the phase in the +¢ state, when the
tilt of the potential is decreased. The red dashed line shows, how the
phase is not stopped in the right potential well, but passing the small
potential maximum and being retrapped in the left —¢ state. Figure
modified from the appended publication I. © 2012 by the American
Physical Society.

If we decrease the damping by decreasing the temperature T < 2.35K,
then the retrapping process is not as simple as considered before. Let
us consider a slightly lower damping (T < 2.35K) and again the case of
positive voltage. In this case, upon reducing I to the retrapping current I,
the phase is not stopped in the right well but climbing up the right wall of
the potential. Then it is drawn back by passing the smaller potential max-
imum and being retrapped in the left —¢ well, see Fig. By decreasing
the damping further, the phase particle first is passing the right well, then
passing the left well and finally being trapped in the right well.

Theoretically the retrapping of the phase in a pointlike ¢ Josephson
junction is discussed by Goldobin et al. [GKKM13]. They predict, that the
destination well of the retrapping changes from +¢ to —¢ and back (and
so on), if the damping of the system is decreased. For very low damping
the initial conditions strongly influence the destination well. Only tiny
fluctuations, e.g., thermal or electronic noise, can change the destination



6 Manuscript in preparation II:

46 Retrapping of the Phase in a ¢ Josephson Junction

well. Thus, one observes the butterfly effect.

The sample we used in our experiment is the same as already investi-
gated in our previous work [SLW™12]. It is a ¢ Josephson junction based
on a 0-7t Josephson junction with a steplike ferromagnetic interlayer (SIFS
J]). The damping of SIFS Josephson junctions strongly depends on the
temperature T.

We recorded the data by measuring the current-voltage-curve (IVC)
several times (N = 1000) and used two special sweep sequences. The
first sequence is starting at zero voltage (and zero current) and the current
is swept to positive (negative) values, resulting in a positive (negative)
voltage drop over the junction. Then the current is swept back to zero
and the voltage jumps to zero, see Fig. This sweep sequence is called
"sequence 1 pos" for the positive bias current direction and "sequence 1
neg" for the negative bias current direction. The second sweep sequence is
always starting from the finite-voltage state at positive (negative) currents.
The current is swept to the negative (positive) direction up to resistive
branch with negative (positive) voltage and back point-by-point. This
sweep sequence we call "sequence 2", see Fig.

In principle, sweep "sequence 1 pos" ("sequence 1 neg") and the negative
(positive) part of "sequence 2" result in the retrapping of the phase in the
same potential well. But the following escape of the phase takes place
into the two different bias current directions. Thus, in the experiment,
we have the possibility to record either +I.; (—I.4) by using "sequence 1
pos" ("sequence 1 neg") or —I.— (+I.—) by using "sequence 2" ("sequence
2") to observe the retrapping in the state +¢ (—¢).

In Fig.[6.3 we present experimental data of the retrapping of the phase
in a certain potential well depending on the damping. Every data point
gives the probability of the retrapping in a certain state. We utilized both
sweep sequences in our experiment and the data is shown in Fig. [6.3|(a)
and (b). Figure (a) shows the probability to measure the +¢ (right)
state by using the "sequence 1 neg" and detecting —I._. Additionally, the
probability to detect the +¢ state —I. by using "sequence 2" is shown.
For high temperatures T 2 2.3K (high damping) the probability to detect
the phase in the +¢ well for both sweep sequences is zero. The phase
is always retrapped in the —¢ well. This behavior coincides with the
deterministic behavior we reported earlier [SLW"12]. Correspondingly,
in Fig.|6.3|(b) the probability for the retrapping in the —¢ state is shown
by using "sequence 2" and measuring —I.+.
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Figure 6.2: Experimentally measured current-voltage characteristics at T = 2.35K
with the two observed critical currents 1.+ per bias current direction.
Red symbols and arrows show the "sequence 1 pos" and blue symbols
correspond to "sequence 1 neg". The black curve and arrows show the
sweep "sequence 2". Figure modified from the appended publication I.
©2012 by the American Physical Society.

For decreasing damping one would expect that the phase will be
trapped alternatingly in one well and then in the other with a proba-
bility of 100% as predicted by Goldobin et al. [GKKM13|]. However, due to
thermal and electronic noise the probability distribution of the destination
well is smeared.

In our experiment, for decreasing temperature, three peaks are visible
in Fig. (@)atT=15K,at T =197Kand at T = 2.08 K. One can see,
that the two different sweep sequences coincide quite well. In Fig.
(b) two peaks can be observed as well, located at T = 2.04K and at
T = 2.22K. The peaks show an increase of the probability and give
rise to the assumption that the phase is retrapped more often in the +¢
(—¢) well, as in the —¢ (+¢) well for Fig.[6.3|(a) (for Fig.[6.3|(b)). The
measurements of the retrapping of the phase in the +¢ well (Fig.[6.3[(a)),
in principle, should coincide with the retrapping in the —¢ well (Fig.
(b)) and the peaks are expected to be at the same values of the temperature
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T. In our experiment, the peaks are shifted off a little bit from each other.
A possible reason for this shift is, that the two potential wells of our ¢ JJ
are not perfectly symmetric.

For a further decrease of the temperature T < 1.4K a plateau at ~ 30%
is visible. It is not possible to predict the destination well and the critical
currents I.4+ are measured in random order. Here the junction exhibits the
butterfly effect as predicted theoretically by Goldobin et al. [GKKM13].
It is not clear yet, why the saturation value is not 50%, as expected. An
asymmetry of the potential well due to an inhomogeneous magnetization
is a possible explanation of this deviation.

In conclusion, we have experimentally investigated the retrapping pro-
cess of a ¢ Josephson junction depending on the damping. We recorded
the switching events of the junction depending on the temperature and
evaluated the probability to find the phase trapped in a certain state. We
observed an enhancement of the retrapping events at two different tem-
peratures for two different sweep sequences. For very low temperatures
we measured random behavior which can be explained by the butterfly
effect.
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Own contributions to this manuscript

For this work, I carried out the experiment and evaluated the data. I wrote
the first draft of the manuscript.



7 Summary and Outlook

In the framework of this thesis experimental studies of ¢ Josephson junc-
tions (JJs) based on 0-7 junctions with a ferromagnetic interlayer are
presented.

Josephson junctions with a ground state phase of ¢ = 0 or ¢ = 77 can
be fabricated by using junctions with a ferromagnetic interlayer (SIFS JJs).
By combining a 0 J] and a 7t JJ, a ¢ junction can be realized which has an
arbitrary ground state phase ¢y = £¢ in the interval 0 < ¢ < 7. Thus, a
¢ J] is a generalization of a 7 JJ. The value of ¢ can be chosen by design
parameters. The Josephson potential of a ¢ JJ is a 27r-periodic double-well
potential and can be tuned by an external magnetic field.

The motivation of this work was to demonstrate such a ¢ Josephson
junction experimentally and to investigate the physical properties and
possible applications.

In the first part of this work, the experimental evidence of a ¢ JJ is
presented. It is demonstrated that a ¢ ]J] has a doubly degenerate ground
state +¢ and —¢. These two ground states can be detected (read out)
by measuring the critical current I or I._. It is shown that one can
tune the potential by applying a magnetic field, which can be utilized
to prepare the state. Furthermore, the state can be prepared by using a
special sweep sequence at a certain temperature (damping). The value of
¢ can be extracted from the shift of the I.(H)-pattern. The experiments
agree with previous theoretical predictions.

In the second part, the application of a ¢ JJ as memory cell (classical
bit) is discussed. One can make use of the above mentioned properties of
reading out the state by an applied bias current and writing the state by an
applied magnetic field. To store the information (state), no external power
supply is needed, only the sample needs to be kept in the superconducting
state. This "¢ bit" is easy to control and operating very fast. Due to that, it
is possible to integrate ¢ bits into rapid single flux quantum (RSFQ) logic.

In the third part, the experimental operation of a ¢ Josephson junction
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as deterministic ratchet is demonstrated. In conventional Josephson junc-
tions the Josephson potential is reflection symmetric and due to that no
ratchet operation is possible. In a ¢ JJ the Josephson potential can be made
asymmetric by the applied magnetic field. Particularly favorable is, that
during the experiment the rectification can be "switched" on and off and
different asymmetries can be achieved by different magnetic field values.
Additionally, by varying the temperature, the damping of the system can
be changed. In this work rectification curves for the overdamped and the
underdamped regime are shown, respectively for different asymmetries
of the potential (magnetic field values).

In the fourth and final part of this thesis the process of retrapping
of the phase of a ¢ Josephson junction is studied experimentally. The
switching events of the junction from the state of finite voltage to the
zero-voltage state, depending on the temperature (damping) are recorded.
The probability to find the phase trapped in the + ¢ state is measured and
an oscillating behavior for a decrease of the damping (T = 2.3...1.5K) is
found. Consequently, the phase is trapped in the —¢ and the +¢ state
alternatingly. For very low temperatures (T < 1.5K) the probability to
find the phase trapped in a certain state is nearly constant. The damping
is so low, that even very small fluctuations (perturbations), e.g., thermal or
electronic noise can change the final state of the system. It is not possible
to predict in which well the phase will be trapped. This behavior can be
explained by the butterfly effect.

There are many other promising techniques to realize ¢ JJs. Gumann
et al. [GS09] theoretically show, that with a constriction-type Josephson
junction based on a d-wave superconductor thin film with an appropriate
geometry a ¢ J] may be realized. Another theoretical proposal for the
realization of a ¢ Josephson junction was made by Pugach et al. [PGKK10].
They propose to realize a ¢ junction with an intrinsically nonsinusoidial
current-phase relation based on a SFS JJ with a clean ferromagnet and
alternating 0 and 7 segments (multifacet JJ). Furthermore a theoretical
proposal was submitted by Heim et al. [HPK"13]. They propose the
realization of a ¢ JJ based on a planar ferromagnetic structure. The ad-
vantage of this geometry is that there is no need of etching a step into the
ferromagnetic interlayer (as for 0-7t SIFS JJs), which makes the fabrication
easier. Another possibility to realize a ¢ Josephson junction based on a
0-7t ramp junction made of a s-wave and a d-wave superconductor, was
investigated in our group [Turl3]. The benefit of this technology is, that
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the lengths of the two segments can be adjusted by using focused ion
beam and thus the value of ¢ can be tuned.

@ Josephson junctions can not only be used in the classical regime as
shown in this thesis. It is also possible to utilize ¢ JJs, e.g., as quantum
mechanical two-level systems. In the near future, it is planed to carry
out experiments with ¢ Josephson junctions in the quantum mechanical
regime in our group. For this purpose we prepared a special sample
design, where conventional superconductor-insulator-superconductor
J]s are equipped with extra current injectors [Ust02, GGS™05]. This Jo-
sephson junctions with current injectors can be utilized to create ¢ JJs
with a drastically higher critical current density compared to the ¢ JJs
fabricated with SIFS-technology. This increase in current density leads
to an enhancement of the crossover temperature to the quantum regime.
This makes the quantum regime experimentally accessible for a ¢ JJ. Our
group aims to investigate macroscopic quantum effects in this ¢ JJs, e.g.,
manipulation and readout of the states.






8 Acronyms and Symbols

Acronym Description

ac Alternating current

CPR Current-phase relation

hi-ZFS Half-integer zero field step

IvC Current-voltage curve

i Josephson junction

Qubit Quantum bit

RCSJ Resistively and capacitively shunted junction

RSFQ Rapid Single Flux Quantum

SIFS Superconductor-Insulator-Ferromagnet-
Superconductor

SIS Superconductor-Insulator-Superconductor

Symbol Physical quantity

e=1.602-10"C
Oy =2.07-10"1° Tm?
h =1.055-10"34]s
kg = 1.381-10"22J/K
po =4m-10" Vs/Am
ug =9.274-10724]/T

Elementary charge
Magnetic flux quantum
Reduced Planck’s constant
Boltzmann constant
Vacuum permeability
Bohr magneton

Table 8.1: Acronyms and physical quantities in alphabetic order.
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We demonstrate experimentally the existence of Josephson junctions having a doubly degenerate
ground state with an average Josephson phase ¢y = *¢. The value of ¢ can be chosen by design in the
interval 0 < ¢ < 77. The junctions used in our experiments are fabricated as 0-7 Josephson junctions of
moderate normalized length with asymmetric O and 7 regions. We show that (a) these ¢ Josephson
junctions have two critical currents, corresponding to the escape of the phase ¢ from —¢ and + ¢ states,
(b) the phase ¢ can be set to a particular state by tuning an external magnetic field, or (c) by using a proper
bias current sweep sequence. The experimental observations are in agreement with previous theoretical

predictions.

DOI: 10.1103/PhysRevLett.109.107002

Josephson junctions (JJs) with a phase shift of 7 in the
ground state [1] have attracted a lot of interest in recent
years [2-7]. In particular, these JJs can be used as on-chip
phase batteries for biasing various classical [8] and quan-
tum [9] circuits, allowing for removing external bias lines
and reducing decoherence. Currently, it is possible to
fabricate simultaneously both 0 and 7 JJs using various
technologies such as superconductor-ferromagnet hetero-
structures [10-14] or JJs based on d-wave superconductors
[15-18].

It would be remarkable to have a phase battery providing
an arbitrary phase shift ¢, rather than just O or 7. The
simplest idea is to combine 0 and 7 JJs to obtain a ¢ JJ.
However, this is not as straightforward as it may seem. The
balance between 0 and 7 parts is complicated as shown in
the pioneering work [19], where conditions for having a
nontrivial ¢-state were derived. Long artificial [20,21] and
natural [22-24] arrays of ...-0-7-0-7-... JJs with short
segments were analyzed in detail and suggested as sys-
tems, where a ¢ JJ could be realized. More recently, only
one period of such an array, i.e., one 0-7r JJ, was analyzed
in an external magnetic field [25]. In these works, the
Josephson phase ¢ (x) is considered as a sum of a constant
(or slowly varying) phase ¢ and a deviation [£(x)] < 1
from the average phase. Then, for the average phase ¢ one
obtains an effective current-phase relation (CPR) for the
supercurrent [25]

T
I, = (IL.)I:sin(lp) + 7" sin@4) + [k COS(l//):I, 1)
where the averaged value of the critical current (/.) =

(jeyLw. The CPR (1) exactly corresponds to a ¢ JJ at
zero normalized magnetic field A =0, if Iy <-—1,

0031-9007/12/109(10)/107002(5)

107002-1

PACS numbers: 74.50.+r, 85.25.Cp

cf. Fig. 1(a). Here L = Ly + L, is the total length of the
JJ, while Ly and L, are the lengths of O and 7 parts,
accordingly, w is the width of the JJ.

It is worth noting that the term “¢ JJ,” introduced in
Ref. [20], refers to a JJ with a degenerate ground state
phase ¢y = *¢. In the particular case of Eq. (1) at & = 0,
one has ¢ = arccos(—1/T). The coefficients Iy and T,
are defined as [26]

2

27 P2
T, =— Iolm .(](-,U {(-,w) ) (2a)
3 (eolo + jerls)
blz Jjeo ~Jen
TS sl ¥ dealy’ @
where [y, [, are the lengths normalized to the Josephson
length A;((j.)) and j.o, j., are the critical current den-
sities of 0 and 7 parts, respectively. Here A, is calculated
using the average value of the critical current (j.) =
(Lojeo + Lajen)/ (Lo + L)

The physics of ¢ JJs with a CPR given by Eq. (1) is quite
unusual [27]. In particular, one should observe two critical
currents [25,27] at h = 0, corresponding to the escape of
the phase from the left (— ¢) or the right (+ ¢) well of the
double-well Josephson energy potential

U =(E] 1 = cos) + Tyhsin) + i) | )

where (E;) = ®y(I.)/(27). The critical currents are differ-
ent because the maximum slope [maximum supercurrent in
Fig. 1(a)] on the right-hand side (positive bias) of the —¢
well is smaller than the maximum slope [maximum super-
current in Fig. 1(a)] on the right-hand side of the +¢ well,
see Fig. 1(b).

© 2012 American Physical Society
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In this Letter we present experimental evidences of a ¢
JJ made of one 0 and one 7 segment, see Fig. 2(a).

The samples were fabricated as  Nb|Al —
Al,05|Nig¢Cuq4|Nb  heterostructures  [11,28].  These
superconductor-insulator-ferromagnet-superconductor
(SIFS) JJs have an overlap geometry as shown in Fig. 2(b).
Each junction consists of two parts, a conventional 0 seg-
ment and a 7 segment. It is well known [4,5,29,30] that the
critical current in SFS or SIFS JJs strongly depends on the
thickness d of the F layer and can become negative within
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total energy U(w)/E; /(1)
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FIG. 1 (color online). (a) Effective CPR j (i) and (b) effective
Josephson energy U(y) calculated numerically (thick lines) in
comparison to those given by approximate analytical formulas
(1) and (3) (thin lines). For h <0 the U(¢) curves look mirror
reflected with respect to the U axis, i.e., U(i, h) = U(—, —h).
(c) Numerically calculated effective Josephson energy U(y) at
h = 0 tilted by an applied bias current / > 0 [energy supplied by
the current source —®//(27)]. Several important situations
are shown: ground state / = 0 [same curve as in (b)], [ =1,
(retrapping), I = I._ (escape from —¢ well), and /=1,
(escape from +¢ well).

some range of dr (7 junction). Therefore, to produce the 0
and the 77 segments, the F layer has different thicknesses
dpo and dp ., as shown in Fig. 2(a). To achieve this,
the F layer of thickness d,, corresponding to j., =
Je(dp ) <0 (7 1)) was fabricated first. Then the area
indicated in Fig. 2(b) was etched down to d , correspond-
ingto j.o = j.(dro) > 0(01JJ). Usually one obtains asym-
metric j, values [31], i.e., joo # ljcxl-

We have studied 3 samples. One of them has the very
little j. asymmetry of about 5%, and Ly = L, = 25 um,
which corresponds to Lo/A;(j.0) = Ly/A;(j.) = 0.37.
In this case even 5% of asymmetry brings the sample out of
the ¢ domain, see Fig. 3 for a qualitative picture. The other
two JJs have Ly = L, = 100 um and are deep inside the
¢ domain in parameter space. Both samples show similar
results. Here we present the results obtained on one of
them. Its parameters are summarized in Table I and its
position within the ¢ domain is indicated in Fig. 3. The
values of j.( and j, , cannot be measured directly. In our
case we have measured the 1.(H) dependence (see below)
and then simulated it numerically using j.o and j., as
fitting parameters. The best fitting was obtained for the
values specified in Table I.

According to theoretical predictions [25,27] fora ¢ JJ at
zero magnetic field H = 0 one expects two critical currents
|I._| <1, (for each bias direction), corresponding to the
escape of the phase from —¢ and +¢ wells of U(y),
respectively, for bias current />0 and vice versa for
I <0. The current /., is always observed. To observe
I._ one has to have low damping so that retrapping in

(2)

top electrode
‘(above bottom)

top electrode
etched F-layer

—- bottom electrode

top electrode ..
{(above bottom)

FIG. 2 (color online). (a) Sketch (cross section) of the inves-
tigated SIFS 0-7 JJ with a step in the F-layer thickness.
(b) Optical image (top view, colored manually) of an investi-
gated sample having overlap geometry. The junction area
(0 segment and 7 segment) is 200 X 10 um?. The “etched
F-layer” area shows where the thickness of the F layer was
reduced from dj , to dp to produce a 0-7 JJ.
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TABLE I. Junction parameters at 7 = 2.35 K. The values of
Jeos jer and the normalized length L/A,((j.(x))) are obtained
from the fits.

Parameter 0 part 7 part Whole JJ
Physical length 100 gm 100 wm 200 pwm
Jeos Jems (Ge(®)) (A/cm?) +62.9 —47.9 +7.5
Normalized lengths 0.68 0.68 1.36

the +¢ well is avoided (for positive 7). The I-V character-
istic (IVC) of the investigated 0-7r JJ at H = 0 measured
at T ~ 4.2 K shows only one critical current. Therefore
the experiments were performed in a He cryostat at T
down to 300 mK where the damping in SIFS JJs reduces
drastically [14]. In the temperature range from 3.5 K down
to 300 mK both /., and /,_ are clearly visible in the IVCs
as shown in Fig. 4.

Earlier [27] we proposed a technique that allows us to
choose which critical current one traces in the IVC, i.e.,
from which well the phase escapes. The control is done by
choosing a proper bias sweep sequence. For example, if the
junction is returning from the positive voltage state, the
potential U(¢) is tilted so that the phase slides to the right.
‘When the tilt becomes small enough, then the phase will be
trapped, presumably in the right +¢ well, cf. Fig. 1(c).
However, this natural assumption is not always true (see
below). Then, if the phase is trapped at + ¢, we can sweep
the bias (a) in the positive direction and will observe escape
from + ¢ (to the right) at /.. or (b) in the negative direction
to observe escape from +¢ (to the left) at —1,_.

In experiment, at 7 < 2.3 K, when the damping is very
low, the currents *7,., and =], are traced in random order.
Recording one IVC after the other, we were able to obtain

2.5 R L e
] \:: ]
2.0 = ¢ state
g
5 { nstate S g
5" <
© 154 .
z *
< | ]
[o8
= . .
E 1.0 arctan(j, /j )
= | /’- b
5]
= 054 —
0 state
0.0 — T T T T

0.0 0.5 1.0 15 20 25
length of 0 part L /2 |

FIG. 3 (color online). Domain of existence of ¢ state. The *
shows the position of the investigated JJ at T = 2.35 K.

IVCs with all 4 possible combinations: (a) (— I.—, +1.-),
0) (= Iy +11), (©) (= Lowy +10), (@) (= Loss +1,4).
Choosing a specific sweep sequence as described above
does not make the outcome (/. or I.,) predictable. We
believe that in this temperature range the damping is so low
that, upon returning from the positive voltage state, the
phase does not simply stop in the +¢ well, but can also
reflect from the barrier and find itself in a —¢ well,
cf. Fig. 1(c). The absence of determinism suggests that
most probably we are dealing with a system exhibiting
chaotic dynamics. This issue will be investigated elsewhere.
Nevertheless, at 7 = 2.35 K we managed to achieve deter-
ministic behavior as described above, see Fig. 4.

Another fingerprint of a ¢ JJ is its I.(H) dependence,
which (a) should have the main cusplike minima shifted off
from H = 0 point symmetrically with respect to the origin,
see Fig. 4 of Ref. [25] or Fig. 5 discussed later, and (b)
should show up to four branches in total (for both sweep
polarities) at low magnetic field [25]. In essence, the latter
feature results from the escape of the phase from two differ-
ent energy minima in two different directions and is an
extension of the two-critical-currents story to the case of
nonzero magnetic field. Instead, the feature (a) alone cannot
serve as a proof of a ¢ JJ as it is a common feature of every
asymmetric 0-77 JJ even if its ground state is O or 7 [25].

The experimentally obtained *I.(H) dependence at
T = 2.35 Kis shown in Fig. 5. First, in the whole tempera-
ture range 0.3-4.2 K we observe the main minima shifted

0.6 +1

ot

04
+1,

J e

0.2 o

0.0

current (mA)

0.4 - Y/ &

-0.6

-0.8 4

-1.0 — T T — T
-0.3 -0.2 -0.1 0.0
voltage (mV)

FIG. 4 (color online). Current-voltage characteristics showing
lower */._ and higher *[., critical currents measured at
T = 2.35 K. At this temperature the behavior is deterministic:
if one sweeps I as —/l . — 1 — — I One always ob-
serves the critical currents *=/._; if one sweeps [ as +/, —
0 — +1,,, one always observes +1 ., ; finally, if one sweeps /
as — I — 0 — — I, one always observes —/..
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critical current 7, (mA)

T T
6 4 -2 0 2 4 6 8 10
=H/n (MA)

-10 -8

coil current I
FIG. 5 (color online). Experimentally measured dependence
1.(H) (black symbols) and numerically calculated curve (red
[gray] smaller symbols) that provides the best fit.

point symmetrically to a finite field, which is H;, =
Nl = 1 X (=879 wA). Second, at T < 3.5 K one ob-
serves the crossing of two branches and two critical currents
for each bias current polarity. The left-hand branches cor-
respond to the escape of the phase out of the + ¢ well, while
the right branch corresponds to the escape from the —¢
well. Note, thatat 7 = 4.2 K the crossing of branches is not
visible. One just observes a cusplike minimum. In this case,
both I.. cannot be seen together and the existence of two
states, as should be present for a ¢-JJ, cannot be proven.
To trace the intersection of the branches better we
applied a special value H., of the magnetic field during
the reset from the voltage V > 0 state back to V = 0 state,
to “prepare” a specific state (+ ¢ or —¢) of the system.
Then the field was set back to the “current” value H and
the bias was ramped up to trace /.(H). By doing this for
different values of H.., one is able to trace the intersec-
tion of the branches much better than without this tech-
nique, see Fig. 5. Still, in experiment we were not able to
trace the branches for positive and negative /. up to the
point where they meet probably because of retrapping.
To extract some parameters of our JJ from the I.(H)
curve, we performed numerical simulations, by solving the
full sine-Gordon equation for a 0-77 JJ, using the normal-
ized length / and the critical currents j. o and j, , as fitting
parameters. The simulations were performed using STKIJ
[32]. The objective was to obtain the best fit close to the
origin, especially the point where the branches of /.(H)
cross. The best fit is shown in Fig. 5 and was obtained for
I = 3.7 and the values j, o and j, , from Table I. Measured
data in Fig. 5 are shifted along /. axis by 530 uA to
compensate for average remanent magnetization of the F
layer. To obtain an almost perfect fit we have also assumed
a difference in the constant remanent magnetizations in
the 0 and in the 7 parts of A(M) = 51.5 mA, similar to
earlier studies [28,31]. One can also see that one of the

experimental branches after the main maximum runs par-
allel to the simulated curve [the experimental I.(H) is not
point symmetric]. This shift stays the same even if we
cycle the sample through 7. of Nb, but changes if we cycle
through the Curie temperature T of the F layer. We
conclude that this is related to the nonuniform remanent
magnetization of the F layer.

The parameters obtained from the fit allow us to see the
location of our JJ on the (/y, I,,) plane, see Fig. 3. One sees
that the JJ is not really short and lays quite deep in the ¢
domain. In this region the analytic results [25,26] and, in
particular, Egs. (1) and (3) are valid only qualitatively.
Therefore we calculated the CPR of our JJ numerically.
We started with a 0-77 JJ with parameters /o, [ ., j.o and j.
obtained from the fit, assumed some applied bias current /
and found all static solutions ¢(x) numerically. Then for
each of these solutions we calculated & = (¢(x)) and
plotted all those ¢ on a () plot. By repeating this
procedure for different 7, we obtain an effective CPR
/(1) shown in Fig. 1(a) together with the curve produced
by the analytical formula (1). One can see that the exact
effective CPR calculated numerically and the approximate
CPR calculated analytically are qualitatively similar. From
the numerical CPR the value of ¢ = 0.457 for our par-
ticular ¢ JJ is extracted.

In conclusion, we have demonstrated experimentally the
realization of a ¢ Josephson junction based on a 0-7r SIFS
junction. We have observed experimentally a shift of the
I.(H) minimum according to the effective CPR (1), as
predicted [25], as well as two critical currents */.. close
to zero magnetic field for each bias current polarity. We
showed that one can choose between the * ¢ states of the
system using an externally applied magnetic field, which
removes their degeneracy. We also showed that one can
bring the system into one of the two states % ¢ by properly
tilting the potential using the bias current. Depending on
the damping (temperature) one can achieve deterministic
behavior (when damping is small enough to see the lower
critical current, but large enough to trap the phase in a
particular well) as well as random behavior at very low
damping. The obtained JJ has ¢ = 0.457 at I = 0.

We acknowledge financial support by the German Israeli
Foundation (Grant No. G-967-126.14/2007) and DFG (via
SFB/TRR-21, project AS as well via project Go-1106/3).
H.S. gratefully acknowledges support by the Evangelisches
Studienwerk e. V. Villigst.

*Present address: Physikalisches Institut, Karlsruher
Institut fiir Technologie, 76131 Karlsruhe, Germany.

[1] L.N. Bulaevskit, V. V. Kuzii, and A. A. Sobyanin, Pis’ma
Zh. Eksp. Teor. Fiz. 25, 314 (1977) [JETP Lett. 25, 290
(1977)].

[2] J.J.A. Baselmans, A.F. Morpurgo, B.J. V. Wees, and
T. M. Klapwijk, Nature (London) 397, 43 (1999).

107002-4



PRL 109, 107002 (2012)

PHYSICAL REVIEW LETTERS

week ending
7 SEPTEMBER 2012

[3]

[4]
[5]

[6]

[71
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
L16]

V.V. Ryazanov, V.A. Oboznov, A.Y. Rusanov, A.V.
Veretennikov, A.A. Golubov, and J. Aarts, Phys. Rev.
Lett. 86, 2427 (2001).

T. Kontos, M. Aprili, J. Lesueur, F. Genét, B. Stephanidis,
and R. Boursier, Phys. Rev. Lett. 89, 137007 (2002).

M. Weides, M. Kemmler, E. Goldobin, D. Koelle, R.
Kleiner, H. Kohlstedt, and A. Buzdin, Appl. Phys. Lett.
89, 122511 (2006).

J. A. van Dam, Y. V. Nazarov, E.P. A. M. Bakkers, S. De
Franceschi, and L. P. Kouwenhoven, Nature (London) 442,
667 (2006).

A. Gumann, C. Iniotakis, and N. Schopohl, Appl. Phys.
Lett. 91, 192502 (2007).

T. Ortlepp, Ariando, O. Mielke, C.J. M. Verwijs, K. F. K.
Foo, H. Rogalla, F.H. Uhlmann, and H. Hilgenkamp,
Science 312, 1495 (2006).

A.K. Feofanov, V.A. Oboznov, V.V. Bol'ginov, J.
Lisenfeld, S. Poletto, V.V. Ryazanov, A.N. Rossolenko,
M. Khabipov, D. Balashov, A.B. Zorin, P.N. Dmitriev, V. P.
Koshelets, and A.V. Ustinov, Nature Phys. 6, 593
(2010).

V.V. Ryazanov, V.A. Oboznov, A.V. Veretennikov,
and A.Y. Rusanov, Phys. Rev. B 65, 020501 (2001).

M. Weides, M. Kemmler, H. Kohlstedt, R. Waser, D.
Koelle, R. Kleiner, and E. Goldobin, Phys. Rev. Lett. 97,
247001 (2006).

S.M. Frolov, M.J. A. Stoutimore, T. A. Crane, D.J. Van
Harlingen, V.A. Oboznov, V.V. Ryazanov, A. Ruosi,
C. Granata, and M. Russo, Nature Phys. 4, 32
(2008).

M. Weides, C. Schindler, and H. Kohlstedt, J. Appl. Phys.
101, 063902 (2007).

J. Pfeiffer, M. Kemmler, D. Koelle, R. Kleiner, E.
Goldobin, M. Weides, A.K. Feofanov, J. Lisenfeld,
and A.V. Ustinov, Phys. Rev. B 77, 214506
(2008).

D.J. Van Harlingen, Rev. Mod. Phys. 67, 515 (1995).
C.C. Tsuei and J.R. Kirtley, Rev. Mod. Phys. 72, 969
(2000).

[17]

[18]

[19]
[20]
[21]
[22]
[23]

[24]

[25]
[26]
[27]

[28]

[29]

[30]
[31]

[32]

107002-5

H.-J. H. Smilde, Ariando, D.H. A. Blank, G.J. Gerritsma,
H. Hilgenkamp, and H. Rogalla, Phys. Rev. Lett. 88,
057004 (2002).

C. Giirlich, E. Goldobin, R. Straub, D. Doenitz, Ariando,
H.-J.H. Smilde, H. Hilgenkamp, R. Kleiner, and D.
Koelle, Phys. Rev. Lett. 103, 067011 (2009).

L.N. Bulaevskii, V.V. Kuzii, and A. A. Sobyanin, Solid
State Commun. 25, 1053 (1978).

A. Buzdin and A.E. Koshelev, Phys. Rev. B 67, 220504
(R) (2003).

N.G. Pugach, E. Goldobin, R. Kleiner, and D. Koelle,
Phys. Rev. B 81, 104513 (2010).

R. G. Mints, Phys. Rev. B 57, R3221 (1998).

E. II'ichev, V. Zakosarenko, R.P.J. IJsselsteijn, H.E.
Hoenig, H.-G. Meyer, M. V. Fistul, and P. Miiller, Phys.
Rev. B 59, 11502 (1999).

R.G. Mints, L. Papiashvili, J.R. Kirtley, H. Hilgenkamp,
G. Hammerl, and J. Mannhart, Phys. Rev. Lett. 89, 067004
(2002).

E. Goldobin, D. Koelle, R. Kleiner, and R. G. Mints, Phys.
Rev. Lett. 107, 227001 (2011).

A. Lipman, R.G. Mints, R. Kleiner, D. Koelle, and E.
Goldobin, arXiv:1208.4057.

E. Goldobin, D. Koelle, R. Kleiner, and A. Buzdin, Phys.
Rev. B 76, 224523 (2007).

M. Weides, U. Peralagu, H. Kohlstedt, J. Pfeiffer, M.
Kemmler, C. Giirlich, E. Goldobin, D. Koelle, and R.
Kleiner, Supercond. Sci. Technol. 23, 095007 (2010).
V.A. Oboznov, V.V. Bol'ginov, A.K. Feofanov, V.V.
Ryazanov, and A.1L Buzdin, Phys. Rev. Lett. 96, 197003
(20006).

A.I Buzdin, Rev. Mod. Phys. 77, 935 (2005).

M. Kemmler, M. Weides, M. Weiler, M. Opel, S.T.B.
Goennenwein, A.S. Vasenko, A.A. Golubov, H.
Kohlstedt, D. Koelle, R. Kleiner, and E. Goldobin, Phys.
Rev. B 81, 054522 (2010).

E. Goldobin, “StkJJ—User’s Reference,”
www.geocities.com/SiliconValley/Heights/7318/
StkJJ.htm (2011).

http://












APPLIED PHYSICS LETTERS 102, 242602 (2013)

@CmssMark
e

Memory cell based on a ¢ Josephson junction
E. Goldobin," H. Sickinger," M. Weides,?>® N. Ruppelt,® H. Kohlstedt,® R. Kleiner,"

and D. Koelle'

lPhyA'ikaliA'z'hes Institut and Center for Collective Quantum Phenomena in LISA™, Universitdit Tiibingen,

Auf der Morgenstelle 14, D-72076 Tiibingen, Germany

2Peter Griinberg Institute and JARA-Fundamentals of Future Information Technology,

Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany

3Nanoelektronik, Technische Fakultat, Christian-Albrechts-Universitit zu Kiel, D-24143 Kiel, Germany

(Received 13 May 2013; accepted 6 June 2013; published online 20 June 2013)

The ¢ Josephson junction has a doubly degenerate ground state with the Josephson phases *=¢. We
demonstrate the use of such a ¢ Josephson junction as a memory cell (classical bit), where writing
is done by applying a magnetic field and reading by applying a bias current. In the “store” state, the
junction does not require any bias or magnetic field, but just needs to stay cooled for permanent
storage of the logical bit. Straightforward integration with rapid single flux quantum logic is
possible. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4811752]

Superconducting digital circuits, in particular, based on
Josephson junctions (JJs), potentially offer much lower
energy dissipation per logical operation than the existing
semiconducting devices." However, any practical computer
as well as many digital devices need compatible supercon-
ducting random access memory (RAM). The largest super-
conducting RAM was demonstrated more than a decade ago
and had a capacity of 256 kwords (1 word = 16bits).” Tts
operation frequency of ~1GHz is already similar to the one
of modern computers, and a huge feed current of about 2 A
was necessary for operation.

Since the beginning of this century, the JJ technology
progressed significantly. For example, it became possible to
obtain JJs with a phase difference of 7 in the ground
state®’—the 7 junctions. ¢ JJs® consisting of 0 and 7 parts
connected together were proposed” and demonstrated experi-
mentally'® recently. Such a JJ has a doubly degenerate
ground state with the Josephson phase y = *¢, where the
value of 0 < ¢ < m depends on design parameters. This
results from the peculiar Josephson energy profile U, (),
which has a form of a 27 periodic double well potential. One
can use these two intrinsic states of the ¢ JJ to store one bit
of information.

In this paper, we demonstrate the operation of a memory
cell (1bit) based on a ¢ JJ—the so-called “¢ bit,” which is
the first step towards a ¢ Josephson memory.

For the demonstration of the memory cell, we have used
the same samples as in Ref. 10. Namely, the sample is a
Nb|AI-AlO,[Nig6Cug4|Nb  multilayered heterostructure,
with a step-like thickness of the ferromagnetic layer to obtain
a 0-m JJ of moderate length. The sample fabrication is pub-
lished elsewhere.'""'? For this work, we have chosen a 0-7 JJ
with an in-plane length L=200um and the width
W =10 um. By treating the structure as a whole (like a black
box with two electrodes), one deals with a ¢ J1.%1%13

The current-voltage characteristic V(/) as well as the
dependence of the critical current /. on applied in-plane

“Present address: Physikalisches Institut, Karlsruher Institut fiir Technologie,
76131 Karlsruhe, Germany.
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magnetic field A are shown in Fig. 1. Already here one can
see that we observe two different critical currents, /._ or /.,
depending on the initial state of the JJ, y = —¢ or y = +¢,
as demonstrated in the original work.'® By applying a mag-
netic field, one can remove this degeneracy and observe only
one branch on both V(/) (not shown) and on /.(H). A point-
symmetric /.(H) with shifted cross-like minimum around
zero field, as in Fig. 1(b), is the signature of a ¢ JJ.

For writing the state, we use the fact that an applied
magnetic field changes the asymmetry between the two wells
in the Josephson energy U(y) up to the point that one of the
wells disappears,g"o see Fig. 2(a). Hence one can set (write
in) the desired state: —¢ for H > H, and +¢ for H < —H|,
where *H; is the field, at which one minimum in U(y) dis-
appears. After the state is written, one can return the mag-
netic field back to zero, and the state of the junction will be
stored for infinitely long time provided the energy barrier is
considerably larger than the energy of thermal or quantum
fluctuations.

For reading out the state, we use the fact that the critical
current of the ¢ JJ is equal to /.. or I._ depending on the ini-
tial state of the JJ, +¢ or —¢, see Fig. 2(b) as well as V(/)
characteristics shown in Fig. 1(a). In our case, /. ~ 480 uA
and /. ~ 370 uA. Therefore, for the readout, we apply a
bias current Iro = 426 pA shown in Fig. 1(a), which lays in
between /. and /._. Then, if the ¢ JJ switches to a voltage
state, its critical current was /. < Iro, i.e., the JJ was in the
— state. If, on the other hand, after the application of Iro
the JJ stays in a zero voltage state, then its critical current is
1.+ > Iro, i.e., its is in the +¢ state, see Fig. 2(b).

Note, that this readout technique is destructive, at least
when we detect the —¢ state. After switching to a finite-
voltage state, resetting the readout bias current back to zero,
the phase may be retrapped either in the —¢ or in the +¢
state, depending on the JJ parameters such as on the damp-
ing. This retrapping of the phase is investigated in detail
elsewhere.'*

In Figs. 2(c)-2(e), we demonstrate an experimentally
recorded sequence of writing and reading * ¢ states in dif-
ferent order. We start from an unknown state by applying a

© 2013 AIP Publishing LLC
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FIG. 1. (a) V(I) characteristic at zero field and (b) /.(H) curve of the investigated ¢ JJ measured at T=2.35K (overlap of several measurements with different

initial conditions to trace out different branches).

positive magnetic field pulse, see Fig. 2(c), which removes
the +¢ well, see Fig. 2(a), so that the phase relaxes into the
—¢ well. After such a “writing” operation, the magnetic field
is reset to zero, Fig. 2(c). Then, we apply a readout pulse,
see Fig. 2(d) and observe a non-zero voltage across the junc-
tion, see Fig. 2(e), indicating a readout of the —¢ state.
During the next write-read cycle, we apply the negative mag-
netic field H < 0, see Fig. 2(c), to change the asymmetry in
the opposite direction, see Fig. 2(a), and write the +¢ state.
After application of the readout pulse, see Fig. 2(d), we
detect no voltage across the junction, see Fig. 2(e), indicating
a 4o state indeed. Further, the write-read cycles are repeated
for the states —@, —@,+¢, +@, =@, =@, =@, +¢, +¢, +¢.
One can see that the ¢ bit performs perfectly, reproducing
the written sequence. Different longer sequences were
played out as well without problems.

We have also investigated the margins of operation of
our ¢ bit. The readout current /rp should be well in between
I.— and .4, ie., |Iro — I.=| > I oise—the background noise
(electronic or thermal) in the bias current circuitry. In our
case, Inoise ~ 3UA, so we have very large margins. The mar-
gins in terms of the magnetic field were determined experi-
mentally. We have started seeing faults in operation when
the writing magnetic field was decreased down to |pH™2 |
~ 1.9mA x 5 or increased up to |ugHRE,| ~ 2.1mA x 1,
where 7 ~ 5 uT/mA is the coil factor.

‘We have demonstrated the use of a ¢ Josephson junction
as a memory cell (classical bit). The advantage of such a
memory cell is that it is easily controllable by an applied
magnetic field. The destructive readout can be performed as
described here. However in real circuits, e.g., Rapid Single
Flux Quantum (RSFQ) logic, one can construct novel cells
that will perform readout with an output in a form of a single
RSFQ pulse (or no pulse). In this case, the temperature limi-
tation 7' < 2.4 K necessary in the presented readout scheme
to avoid the retrapping of the phase in a +¢ well upon
escape from the —¢ well, see Fig. 2(b), is not relevant. By
increasing the characteristic voltage V., one reduces the
damping and facilitates operation at T=4.2K. This can be
done, e.g., by using a superconductor with the larger energy

gap such as NbN. Besides this, 4, for NbN is larger than for
Nb, i.e., 4; will be smaller. In fact, if used in RSFQ circuits,
a ¢ JJ is a ready-to-use flip-flop.

In terms of the speed of the operation, the measurements
presented in Fig. 2(c)-2(e) are performed on a 10ms scale
(delay time between setting the field/current and reading the
voltage). In our case, the field is supplied by a coil, which is
very slow and limits the writing time by ~5ms. Applying
the field by an on-chip control line will substantially acceler-
ate the writing cycle. The most effective can be a control
line passing through the upper or lower electrode of the JJ.
Note also that the writing time is not limited by the remagne-
tization (domain flipping or rotation) of the ferromagnetic
layer, like in some alternative superconducting memory pro-
posals,'® but rather by a characteristic frequency o, (damp-
ing) of the ¢ JJ. For the device presented here, V. ~ 150 uV,
i.e., w./2n ~ 75 GHz. In addition, we have a zero-field step
at the voltage V; &~ 50 uV o< 1/L, which appears only some-
times. If one takes shorter JJs, the step will appear at much
larger voltages or will disappear, i.e., become irrelevant for
Vi>Ve

In terms of miniaturization, the ¢ JJ used in this proof-of-
principle experiment is rather large (L =200 um). However,
already for existing technology, one can easily reduce its
length down to 40-50 um. Further decrease of the size
becomes difficult because the margins for the realization of a
¢ junction become very narrow. To realize a ¢ JJ on the basis
of a 0-m JJ, one has to keep a certain relation between the
lengths and critical currents of the 0 and 7 parts.”'>'®17 If
these parts have a normalized length ~4; and larger, then
these requirements are quite relaxed, i.e., even 30% of asym-
metry still results in a ¢ JJ. On the other hand, if the length of
each part is shorter than ~/; then these requirements are
rather strict (asymmetry should be controlled on a level better
than 3%) and difficult to meet technologically. The way out of
this problem is the further development of Superconductor-
Insulator-Ferromagnet-Superconductor (SIFS) O-m junction
technology with the aim to increase j. , from the present value
of 40 A/em? up to, say 4kA/cm? (2 orders of magnitude). This
can be done either by using a clean F layer or by using a
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FIG. 2. (a) The principle of writing the state +¢ or —¢ by applying a magnetic field. (b) The principle of reading the state by applying the bias current
I.— <Iro < I4. (c)=(e) The sequence of the external magnetic field (c), readout by the bias current (d) and the measured voltage (e), demonstrating the opera-
tion of the ¢ JJ as a memory cell. The speed of operation is limited by our dc setup (coil) and electronics.

SISIF structure.'® In this case, A; 1/+/je will become 10
times smaller, so that one can have a 4 um large bit. Another
possibility to reduce /4, is by increasing the specific induct-
ance of the JJ electrodes

d d
1od' = Jp coth <—l) + /g coth (—2) .
AL A

This can be done (a) by increasing /;, e.g., by using NbN
electrodes; or (b) by decreasing the thicknesses d; and d, of
the superconducting electrodes.

Alternative ¢ JJ technologies, especially those pro-
viding intrinsic ¢ JJs*> may, at the end, lead to an extremely
high-density memory.
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