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Introduction

Josephson junctions (JJs) are characterized by high switching speed, low power dis-
sipation and the ability to interconnect superconducting lines with low dispersion,
without losses. Thanks to their properties, JJs are of great interest to different
applications: ranging from sensor applications, even in the quantum limit, to key
components of superconducting quantum processors used in quantum computers
(12 13-

Single-flux quantum (SFQ) logic is widely used in superconducting JJs technol-
ogy and is characterized by low switching energy and high switching speed, but its
applications are still limited due to the low integration density and the lack of a
high-capacity cryogenic memory compatible with SFQ logic, in terms of speed and
power dissipation [4]. The use of devices combining ferromagnets and superconduc-
tors represents a promising approach for the realization of integrated memories for
superconducting circuits [3]. SFS (Superconductor-Ferromagnet-Superconductor)
JJs have been mostly used as passive elements in superconducting circuits and have
not been considered so far in the realization of quantum circuits because they exhibit
high quasiparticle dissipation, which results from the metallic nature of the usual
ferromagnetic barriers. Advances in coupling ferromagnetic layers with insulating
barriers within the JJs (SISF'S or SIFS JJs) and the ability to use intrinsic insulat-
ing ferromagnetic materials allow us to develop ferromagnetic JJs characterized by
high-quality factors and low quasiparticle losses [5].

With the aim of highlighting the main characteristics of a SISF'S (Superconductor-
Insulator-ThinSuperconductor-Ferromagnet-Superconductor) JJ, in this thesis work,
two different types of Josephson junctions were compared: the first without ferro-
magnet; the second with a layer of ferromagnetic material, Permalloy.

Originally realized on Nb, the ferromagnetic junctions are extended to Al, which
is the technology most used for all quantum circuits and processors. The results
are encouraging and support the idea that these junctions can be used in quantum
architectures.

This thesis is developed as follow: chapter 1 - the introduction to the theory in-
herent to Josephson junctions and the need to understand the experimental results
are discussed; chapter 2 - the fabrication process as well as notions on the used fabri-
cation techniques useful to investigate the devices object of this thesis are discussed;
chapter 3 - is dedicated to the description of the used 10mK refrigerator and to the
measurements setup; last chapter of this thesis work reports on the data analysis
and the discussion of the collected results.
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Chapter 1

General aspects

1.1 Introduction to superconductivity

The discovery of superconductivity took place in 1911 by Kamerling Onnes, at the
Leiden laboratories. Onnes was conducting experiments using a mercury sample,
measuring resistance as a function of temperature, in figure [L.1], he observed that
for temperature values lower than those of the critical temperature, T, (for Hg is
4.20 K [6]), the resistance vanished sharply. Because of that, superconducting ma-
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Figure 1.1: Historic plot of resistance versus temperature for mercury measurement
carried out on October 26 th 1911. It shows the superconducting transition at 4.20
K for Hg. Within 0.01 K of accuracy, the resistance jumps from unmeasurably small
value (less than 1075Q) to 0.1  [6].

terials behave as a normal conductor for temperature higher than 7. and, as the
temperature decreases, in correspondence of the T,, they undergo a transition to a
new state, the superconducting state, in which the resistance is zero [7].

An experimental confirm of the existence of the superconducting state is shown
figure [1.2] Here the heat capacity is proportional to the temperature in the normal
regime, instead at the superconducting transition it shows a discontinuous, while
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A
at low temperatures it varies as e ¥7c ﬂél] In addition to having zero resistivity for

c?

T

Figure 1.2: Temperature dependence of the heat capacity for a superconducting
material.

Tc

temperature below T, superconductors behave like perfect diamagnets, exhibiting
the Meissner effect: screening currents circulates on the sample surface thus gen-
erating a magnetic field with opposite direction to the applied one @] If a low
amplitude external magnetic field is applied to the superconductor its flux lines are
ejected from the material@ . In figure two experiments conducted on a per-
fect diamagnet and on a superconductor are shown in order to demonstrate that: a
superconductor behaves like a perfect diamagnet, but not the other way around .
In the first experiment the samples are cooled and then a magnetic field is applied.

Perfect diamagnet Superconductor
3| b)
£
a PC Pa SC SC
>
]
4
9
= T<Tc T<Tc T<Te T<Tc
B=0 820 B=0 — * B=0
E c)
@ d
£ :
e sC
o PC
]
=
c
S TsTe , T<Tc e ______, T<Wc
% B=0 B=0 B=0 B=0

Figure 1.3: The figure shows a comparison between a perfect conductor and super-
conducting material as a function of the applied magnetic field and the temperature:
a)-c) perfect diamagnet material; b)-d) a superconducting material.
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Both samples completely expel the magnetic field from the inner part (see fig.
a) b)). Inside the perfect conductors induced currents shield the flux, while within
a superconductor the expulsion of the flux is due to the Meissner effect. In the
second experiment it is first applied a magnetic field and subsequently the sample
is brought to low temperatures (see fig. c¢) d)). It is observed that the supercon-
ductor expels the magnetic field lines by the Meissner effect, the conductor, on the
other hand, is penetrated by the field lines.

These phenomenon give evidence that superconductivity is a real new thermody-
namic state and not a consequence of good conductivity .

1.1.1 First and second type superconductors

A classification of the superconductors, of the first and second types, is developed
by considering their response to an external magnetic field.
The dependence of the critical field on the temperature is given by eq[1.1]

H(T) = H(0)[1 - (T/T.)’] (L1)
where H,(0) is the extrapolated value of the critical field strength at absolute zero [9].

Taking into account eq[I.T], we can observe that:
e in correspondence of the critical temperature the system shows a magnetic
critical field equal to zero;

e by applying an external magnetic field to the superconductor, higher than a
threshold value, critical field, its normal resistance is restored.

Considering the response to the applied magnetic field of a superconductor, we can
distinguish between:

Superconductors of the first type

They show a single critical magnetic field (see ﬁga) while the magnetization
(see ﬁgb) displays a linear dependence on the applied magnetic field. For field
values above H. a phase transition to normal phase takes place otherwise it stays in
the superconducting phase [7] [§].

a) H b) -Mjy

Hc

Meissner

/

Type |
]

Tc T He ~H

Figure 1.4: It shows for a superconductor of type I- a) the temperature dependence
of the magnetic field - b) the dependence of the magnetization on the external
magnetic field.



4 Chapter 1. General aspects

Superconductors of the second type
They show a temperature dependences of the magnetic field with two values of
critical field: H,, and H,, (see fig. [L.5la). While for applied magnetic field up to
H,., it behaves like first type, for H.,, < H < H,., the magnetic field penetrates into
material generating a vortices responsible of the dissipation ; this phase is called
Mized state. For values of H > H,, it behaves like a normal. Table summarizes

-M
a) H b) A
He,
Type Il Meissner
Ho, Mixed
Tc T He, He, *H

Figure 1.5: It shows for a superconductor of type II- a) the temperature dependence
of the magnetic field - b) the dependence of the magnetization on the external
magnetic field.

the T, and H. for first and second-type superconductors.

Material Type H.(0) (T) T.(K)
Ga first ~ 0.02 1.1
Al first ~ 0.01 1.2
In first ~ 0.50 3.4
Hg first ~ 0.50 4.2
Pb first ~ 0.10 7.2
Nb second ~ 170, ~ 240 8.8
NbN second ~ 20, ~ 240 16.1
YBCO second ~ 250; 120, 94.2
~ 240

Table 1.1: First and second type superconductors and their critical temperatures

and critical magnetic fields .

1.2 Theory of superconducting materials

Following it will be briefly introduced models useful to describe the superconducting
phase.

1.2.1 London Equation

The first phenomenological model capable of explaining the developments of super-
conductivity and the Meissner effect was proposed, in 1935, by the brothers F. and
H. London [1] [11]. Their idea is based on the two-fluid model, according to which,
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the density of current flowing inside a superconductor is given by:
J=Jn+J. (1.2)

where J, is the normal density current, and J. represents the superconducting den-
sity current. For T' > T, J =0 E otherwise J =0 instead J = n.qU,, where ng
is the superconducting charge density, q is the charge and v,is the superconducting
velocity.

Applying the equation of motion to the carriers, msd’:—qﬁ, we obtain the first
London equation
dJ nsq® =
478 _ s p (1.3)
dt ms
that describes the dynamics of electrons in the absence of collisions.

By combining the first London equation with Faraday’s law of induction, VxE=
—<2, we can obtain the second London equation:

—

V x J.

= 0. 1.4
e (1.4)

By combining the second London equation with Ampere’s law, we can obtain an
equation for the magnetic field and for the current density:

V2E = ﬁé and V2] = ﬁj
L L

with Ay London penetration length

mec2

>
&
|

1.5
4mngq? (15)
where, mg is the mass, n, represents the superconducting electron density and q
is the charge. The London penetration depth represents the distance in which the
magnetic field penetrates inside a superconductor.

The value of the London penetration length depends on the material. In table
are reported some values of London penetration length.

Metal Th. A\, (nm)
Al 20
Sn 34
Pb 37
Cd 110
NbN ~ 200
Nb 44
YBCO 150-300; A} /1.2;
~ 1000

Table 1.2: London penetration length for bulk materials [10].
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AL(T) increases slowly at low temperatures and diverges approaching the tran-
sition temperature 7.
The empirical law that predicts the temperature dependence of the London pene-
tration depth is:
T\*1-3%
AL(T) = Az (0) [1 - (T) ] (1.6)
But, if we want to understand what happens when an external magnetic field is ap-
plied to a superconductor, we have to consider a three-dimensional space, in which
a superconducting material is found for z> 0, the vacuum for z<0 and an external
field applied to the superconductor, as shown in figure 1.6, The external magnetic

empty /‘-
space }
: superconductor

J| Bj

A

0 =z [ z

Figure 1.6: On the left, a semi infinite superconducting plate while on the right
the penetration depth when the magnetic field is applied along z-direction. Image
adapted by [12].

field with a direction orthogonal to the separation surface, cannot penetrate inside
the superconductor because the Meissner effect occurs. If the direction of the ex-
ternal magnetic field is parallel to the separation surface, the field penetrates 1n81de
the superconductor and decays exponentially, following the behavior: B = Bge~ AL

.

1.2.2 Ginzburg-Landau Theory

The Ginzburg Landau (GL) theory is able to explan the macroscopic behavior of
a superconductor. It is based on Landau’s theory of thermodynamic transitions,
according to which it is possible to treat phase transitions through an order param-
eter: null in the disordered phase and differs from zero in the ordered phase [13] [14].

GL introduces an order parameter, ¥, a macroscopic wave function, capable of
describing the entire superconducting system, written as:

U = /ny(r)e?™ (1.7)

where ng(r) is the density of the Cooper pairs, 6(r) is the phase [6].

The thermodynamic properties of the superconducting state can be described in
terms of free energy F(T)=U-TS, where U, T ans S represent the internal energy,
the temperature and the entropy respectively. Near the critical temperature, it can
be expanded in terms of W¥(r):

Fs(T) :FN(T)+/ (ﬁ](—ihﬁ—2eﬁ)\1!(?)|2+a(t)|\11\2+%b(T)|\I/]4>d3r (1.8)
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where Fy(T') is the free energy of the normal state, «(7") and (T are two phe-
nomenological parameters, and Fg(T) is a functional of the order parameter V.
Fs[Wl]is called Landau functional [14].

To determine the minimum of free energy, we can use the variational method min-
imizing the free energy F's(T') with respect to U*(o ¥) and to the vector potential
A to obtain the first equation of Ginzburg-Landau:

1 = _:
N T _
al + b0 | 2m*( iV 26A> =0 (1.9)
and the second Ginzburg-Landau equation:
— e x( - — _ —,
J= E{‘I’ (—ihV — 2e )W + cc} (1.10)

last equation is able to describe the current flowing inside a superconductor.

Where and connect the two phenomenological quantities previously in-
troduced, a(7T") and b(T"), to empirically known quantities: the critical field H.(T")
and the effective penetration length magnetic A.¢(7).

By using the first Ginzburg-Landau equation, we can obtain information on the
coherence length &g (T):
h?

6L =\ gela(T)]

(1.11)

and, assuming the approximation a(7,) ~ ao(T — T.) and B(T.) ~ By (ap and [y
defined positive), such that «(T') vanish for T, and results negative below T, we
obtain its temperature dependence gives by

L (1.12)

- 2m*|ay|

o fE -t T>T,
(1— %)_% for T' < T.

The correlation length depends on the type of conductive material and on the tem-
perature. Typical values of sy, are shown in table [1.3]

Metal ¢er (nm)
Al 1600
Sn 230
Pb 83
Cd 760

NbN ~ D
Nb 38

YBCO 1-3; ~ 0.24

Table 1.3: Coherence length values for both low and high critical temperature su-

perconductors [10].

1.2.3 BCS Theory

In 1957 Bardeen, Cooper, and Schrieffer (BCS) formulated a theory with the aim
of explaining the microscopic origin of the superconductivity. The BCS theory




8 Chapter 1. General aspects

originates from Cooper’s idea: he considers that the charge carriers for the elec-
tric supercurrents consist of a system of two electrons, the so-called Cooper pair
[7]. The mechanism that leads to have Cooper pairs is due to an electron-electron
interaction mediated by a phonon (see figure [1.7)): an electron interacts with the
lattice by polarizing the ions in the vicinity and, a subsequent electron, interacts
with the polarized positive ion. This interaction induces an overall attractive force
between the two electrons that leads them to form a boson . The electrons that

Figure 1.7: Schematic representation of the attractive interaction between two elec-
trons (red filled circle) mediated by the lattice (blue circles) in order to create a
Cooper pair.

form a Cooper pair have to have opposite spin and k vector: the total angular spin
momentum of the pair is zero. Since the Cooper pair is a boson obeys the Bose-
Einstein statistic. The interaction between two electrons is effective within a certain
distance &, callled coherence length, which indicates the average distance at which
the electrons are correlated to form a Cooper pair. For temperature below T,
all of these pairs form a strong correlated state, described by the same macroscopic
wave function .

The BCS Theory allows to interpret several experimental results. It predicts the
existence of a band gap, A(T'), with a temperature dependence shows in eq.
2A 24 T

tanh (/1 — — 1.13
e e an T. ( )

More details on BCS theory are provided in the appendix [A.T]

1.3 Josephson effect

A Josephson junction is a system consisting of two weakly coupled superconductors
(S), in which if the barrier is a thin layer of insulator the junction will be sketched
as a S-1-S (Superconductor-Insulator-Superconductor), otherwise if it is a metal
(Superconductor-Normal metal-Superconductor, SNS) or if the barrier is made by
whatever material the system, with some constraints that will be soon explained,
could represent a a Josephson junction [16].

When superconductors are very far apart, are described by their own wave function,
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where their phases can be fixed arbitrarily, independently of others. Instead, if the
superconductors are placed at a distance of about 10 A, the Cooper pairs can flow
from one superconductor to another, giving rise to a non-dissipative supercurrent|7],

and keeping information on the phase difference between the two superconductors
[16].

1.3.1 Josephson equations

Josephson junctions can be characterized by relationships that link the phase differ-
ence to macroscopic quantities. In the appendix is reported the procedure that
allows to obtain the two Josephson equations:

I.(¢) = L sin(o) (1.14)
do  2eV
= (1.15)

where [. indicates the critical current through the junction, and ¢ represents the
phase difference between the two superconductors.

The former equation shows the dependence of the supercurrent on the phase differ-
ence between the two superconductors in absence of an applied potential (called DC
Josephson effect), while equation emphasizes how the phase difference changes
over time when a potential difference appears between the two superconductors
(called AC Josephson effect): assuming V = 0, it results that the difference phase
is constant, but not necessarily zero. Therefore a finite current can flow through
the barrier despite the absence of difference potential at the ends of the junction [17].

1.3.2 RCSJ model

Josephson junction can be modeled by using the Resistivity - Capacitively - Shunted
- Junction (RCSJ), represented in figure [1.§ Solving the electronic circuit in fig.

J E—————— a
R o ____ Ipc

Figure 1.8: Resistively and capacitively shunted model of a Josephson junction
(RCSJ) [1§].

1.16], assuming the ideal junction, in parallel with resistance and capacity, the fol-
lowing relation is obtained:

awv v ,
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then, using eq and [1.15}

_ ¢Cd% o do :
I = o a2 + 5 df + I.sin¢ (1.17)

we obtain:

I—[csinqﬁz—i—ﬂaa—[;j (1.18)
0

equivalent to the equation of motion of a phase particle moving in the washboard

potential, U; in eq. [1.19}

U(p) = ;b—; [1.(1 — cos ¢) — 1] (1.19)

subject to a viscous force. It is observed that as the value of the injected current
increases, the slope of the potential, and the probability that the phase particle
escapes from the well, thus producing a phase slip and ’slips’ increases [7].

e For I < I. the particle oscillates locally in the wall, the phase does not change
over time and the junction is in the zero voltage state;

e for [ > I. the minimum of the potential becomes a flex, and the particle moves
easily along the potential; the time derivative of the phase, different than zero,
generates a voltage across the junction and the system passes to the resistive
state.

RCSJ model provides further parameters like the quality factor of the junction, Q,
which also depends on the capacity of the junction according to equation [1.20}

2
Q= \/26[005 = w,RC (1.20)

with wy, the plasma frequency. It is important to note that the I-V characteristics of
a Josephson junction are strongly influenced by the capacity of the junction because
it determines, as reported in figure [1.9] its trend [1].

If Q<1 the junctions regime is called overdamped: C assumes small values (< fF),
the equation can be analytically solved, and a non-hysteretic IV characteristic is
obtained (see figure (a)). Junctions with metallic or ferromagnetic barriers are
typically in the overdamped regime. In other words, the barrier is not insulating;

If Q>>1 the system is in the underdamped regime, then the capacity is large, and
the IV shows a hysteretic curve (b). Usually, in this case, the junctions include
an insulating barrier.
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(a) I (b) 1

—.‘tRf’E | ‘-'LRJ,E 1
fLRfE <> | ll‘Rer <\V>

Figure 1.9: Current-Voltage curve of an a) overdamped and b) underdamped (b)
Josephson junction. Image adapted from [19].

1.4 SIS junction

In this section, we will focus on two superconductors spaced by a thin insulating
layer to form a Superconductor-Insulator-Superconductor (SIS) structure.

1.4.1 Temperature dependence

The Josephson junction parameters strongly depend on the temperature. Various
theories have been developed for the specific junction layouts and configurations
useful investigate their temperature dependence of I-V curves. For SIS JJ, Ambe-
gaokar and Baratoff using Green’s function approach found the following relation

B
els(¢)Ry A AR o

where [, is the superconducting current, RN is the normal resistance, T, is the crit-
ical temperature, Ay p is the potential gap of the superconductor, and w are the
Matsubara frequencies [6].

Starting from an approximated but experimentally useful formula leads to the

eq. :
- 1R, = ™ tanh(-2)
efin = o ANk

where an increase in temperature determines a suppression of the critical current I..

(1.22)

For T=0 the eq. assumes the over simplified form reported in [1.23]

7A(0)
I = 1.2
R, =2 (123

1.4.2 Magnetic field dependence

Generally, the action of an external magnetic field perturbs the properties of the
junction giving rise to space modulation of the phase [20].
The I.(H) strongly depends on the shape and morphology of the junction. Most
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junctions have rectangular cross sections, while those investigated in this work are
circular thus generating specific fingerprints in the I.(H) shape that will be explained
in the next chapters.

Rectangular Josephson junction

Consider a magnetic field in the g-direction of the junction represented in figure
1.10 Applying the theory of GL it is possible to derive:

2e / mc = =
Ao = (50T + A) 1.24
¢ he \2e2p (124)
where A is the potential vector linked to the magnetic field, p is the density of Cooper
pairs, m is the mass of the electron and J, is the current density. Assuming that
the thickness of the superconducting films is greater than the London penetration
length, and assuming negligible the thickness of the barrier with respect to the size
of the junction, is obtained:

d 2e 2e
d_f:ﬁ()\L_'—)\R—i_t)Hy:h_cdHy (1.25)

where A\, and A\g are the London penetration lengths of the superconductors and
t is the thickness of the dielectric barrier, while their sum d is called magnetic
penetration. Integrating equation the supercurrent can be expressed as:

o
fic
In short junction limit (L << \), the magnetic space d is:

I(x,H,) = Jcsm( dH,z + ¢(0)) (1.26)

Figure 1.10: Sketch of a SIS Josephson junction. dr, g and ¢ represent the thickness
of S, and I layer respectively while W is the width and L the length of the junction.

d=1t+ )\Lcoth<i—i> + )\Rcoth<;l—1;> (1.27)

where d, (dg) are the electrode thicknesses. Substituting this relation within [1.14]
yields the relation [1.2§].
sin <7r£>
o

—‘ (1.28)

(5

IC(H) - Icmax
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h
with ¢ = H,Lt the magnetic flux through the junction and ¢, = % the quantum
e

fux.

Equation looks like that for the optical Fraunhofer diffraction pattern.
The minima occur at values of the magnetic flux within the barrier equal to multiples
of the flux quantum[1] [6]. The periodicity of the pattern is given by

A= bo (1.29)

Ld L\ + Mg +1)

and if the two superconductors are equal (A, = Ag) we obtain an experimental
method for the determination their London penetration depth.
When the thickness of the superconducting films are small compared with A; the

periodicity of I.(H) plot is reported in eq{l.30)

o

AH =
L(Ar tanh - + A tanh 22 + )

(1.30)

where dj, and dp are the thicknesses of the superconducting electrodes [1].

Circular Josephson junction

When the JJ assumes a circular shape the I.(H) relation changes having the form
reported in eq|1.31| (called Airy pattern).

(1.31)

3(kR)

where I = mR?J;, Ji(x) is a Bessel function of the first kind, k = %d, and R is the
radius of the junction [1][6]. The periodicity of I.(H) is defined as half the amplitude
of the first lobe of the Fraunhofer pattern is given by:

AH =2 (1.32)

Rt

1.5 SNS junction

When two superconducting banks are coupled through a normal barrier the overall
superconductor-normal-superconductor (SNS) Josephson junction is passed by a
superconducting current that could be predicted by using models that differ from
from those of a SIS junction [16] [21].

1.5.1 Proximity effect at S/N interface

When a superconductor is placed in close contact with a normal metal proximity
effect occurs [22]: Cooper pairs penetrate inside the normal metal (N) and N acquires
part of the superconducting properties near the interface [23]. Ginzburg Landau’s
theory can give direct insights into the occurrence of the proximity effect and on
the scaling lengths. The macroscopic wave function, in equation [1.33] capable of
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describing the entire system in the N region exponentially depending on the distance
from the S/N interface.

¥ = tho exp < - i) (1.33)
En

where {y is the coherence length of the Cooper pairs within the metal (see figure
1.11). The proximity effect can be expressed through the microscopic process of

Figure 1.11: Behavior of superconducting order parameter in a S/N interface.

Andreev reflection, which is treated in appendix

1.6 SF'S junction

The sketch of a SEF'S junction is given in figure [1.12] In order to discuss the trans-

x>

z " A

y

Figure 1.12: Sketch of a Josephson junction in which the barrier is made of a

ferromagnetic material. Sketch of a SF'S Josephson junction. dy, g and dr represent

the thickness of S and F layer respectively while W is the width and L the length
of the junction.

port properties of a Josephson junction characterized by a barrier of ferromagnetic
material it is necessary to understand how it behaves when interacts with a super-
conducting material [5] [24].

1.6.1 Ferromagnetic properties

Ferromagnets represent a class of materials that below a temperature, called Curie
temperature, if immersed in a magnetic field, remain magnetized even when the field
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cancels out. The magnetization originates from the exchange interaction between
the magnetic dipoles that opposes thermal agitation |[19]. In fact, as shown in the
figure as the temperature increases, spontaneous magnetization decreases, and
above the Curie temperature a ferromagnetic material behaves just like a paramag-
net [18][19].

c
.g Curie temperature
1)
N
=
L)
c
(=]
S Ferromagnet
=
Temperature

Figure 1.13: Schematic illustration of Magnetization vs Temperature curve for Fer-
romagnetic materials.

The magnetization is given by:

o1 - .
M=—B-H (1.34)
Ho
and it can be expressed as:
N 1MV Z
M(T) = = gt h(———J) 1.35
( ) VMB an k’b Nub 2 ( )

where N is the total spin number, V is the ferromagnet volume, Z is the coordination
number, ppg is the Bohr magneton and J is the coupling constant equal for all spin
pairs [18][19][25] .

Ferromagnet materials are composed of many domains, and since direction of the
magnetization of each domain is random, the overall magnetization is zero.

When an external magnetic field is applied, the ferromagnet shows an hysteretic
behavior such as that sketched in figure [[.14] The first time the field is applied to
the ferromagnet, M increases linearly with H, until saturation is reached H (orange
curve in figure . Then, a decreasing external magnetic field is applied to the
ferromagnet and domains start to change their magnetization, until the value — M,
is reached. At this point, by applying an increasing external magnetic field, the
ferromagnet changes its magnetization following a new curve.
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4m M

H
Figure 1.14: Magnetization as a function of the applied magnetic field curve for a
ferromagnet material.

1.6.2 Proximity effect at S/F interface

In the case of an S/F interface, two competitive phenomena take place: the presence
of Cooper pairs, characterized by electrons with opposite spin and the presence of
ferromagnetic materials, in which an external field promotes the alignment of spins
along the same direction. The exchange field also determines the coherence length
in the ferromagnetic material and is such that the Cooper pairs acquire a finite
momentum, promoting an oscillation of the order parameter [19] [22].

The spatial modulation of the order parameter is due to the Zeeman splitting [22]
[19] of the electronic levels in the presence of the exchange field: the spin-up electron
of the Cooper pair, with direction parallel to that of the external field, reduces its
potential energy and increases the kinetic energy by a quantity h=pugH, while the
electron with spin down increases its potential energy. The Cooper pairs acquire a
moment 20k = % [22].

The proximity effect in the case of an interface of the S/F type can be treated
by using the Ginzburg Landau theory [22] [26].

U = Woeh” (1.36)

where k is a complex wave-vector, written as k = ky + tko. The order parameter for
the system in question takes the form of and looks like in figure [I.15]
More details are contained in|22].

This non-uniform superconducting state was predicted by Fulde, Ferrel, Larkin
and Ovchinnikov, FFLO state, in 1964 [22].

In the case of an SFS junction, the critical current is subject to oscillations as
the thickness of the barrier varies, due to the damped oscillatory behavior of the
superconducting order parameter and the presence of an FFLO state [22]. The
correlation decay length in the ferromagnet is:

_ [nDg
Ep = o (1.37)

where h is the exchange energy and Dp is the diffusion coefficient of the ferromagnet.
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Figure 1.15: Behavior of superconducting order parameter in a S/F interface.

When the incident wave at the S/F interface will interfere with the wave re-
flected from the opposite surface of the F layer, there will be different behaviors as
the thickness of the ferromagnetic layer varies:

e for F layer thickness smaller than &g, the pair wave function in the F layer
changes a little and the superconducting order parameter in the adjacent S
layers is the same; we have a ”(0”-phase state;

e if F' layer thickness becomes of the order of £p, the pair wave function may
go through zero at the center of F layer, providing the state with the opposite
sign, in the way to obtain a ”7”-phases state.

Generally, in ferromagnetic junctions the order parameter allows us to observe nu-
merous phenomena, such as -7 transitions, dependent on the thickness of F [22].

An interesting case of 7 junction is given by a Superconductor/ Insulator /Fer-
romagnet /Superconductor (SIFS) Josephson junction, a S/F/S trilayers with one
transparent interface and a tunnel barrier between S and F layers [22].

1.6.3 SFS junction in magnetic field

If a magnetic field is applied to a rectangular junction, its dependence of I. as a
function of H is represented by the Fraunhofer pattern (sec. 13][27] [28]. In
the case of a SFS junction, we obtain a shifted Fraunhofer Pattern, and this phe-
nomenon is due to the fact that for SF'S junctions we have even to take into account
the flux due to the magnetization of the ferromagnetic layer below the Curie tem-
perature [29)].

The flux due to the magnetization of the ferromagnetic barrier is
¢r = poMdrL, (1.38)

where dp is the thickness of the ferromagnetic layer (1.12)) and M is the junction
magnetization [30]. The total flux will be given by eq. [1.39

¢ = ¢r + poH Ld ). (1.39)
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thus causing the shift of the pattern. Replacing the in [1.28, we obtain:
sin <7T ¢F(H)i¢M(H)>
$o

<7T ¢F(H)i¢>M(H))
%o

Io(H) = Ic(0) (1.40)

that means that the hysteretic behavior of M(H) in ferromagnets gives rise to a
hysteretic behavior of I., shown in[1.16| In figure a is displayed how by mag-

H (G) H (G)
Figure 1.16: It shows a)hysteretic curve for a ferromagnet; b)behavior of the critical
current versus external magnetic flux [20].

netizing the ferromagnet two nonsuperimposable Fraunhofer patterns are observed,
reducing the magnetic field from positive to negative values; the maximum of the
critical current is shifted towards negative values of the magnetic field (green line in
b), while as the magnetic field is swept from negative values to positive (orange
line in [1.16}b), the maximum of the critical current is shifted towards positive di-
rection of the magnetic field [30]. Because of these properties, SF'S JJs are suitable
as RAM (Random Access Memories) memories [5].

1.7 SIs’FS junction

Generally, SFS JJ’s are known as dissipative elements, due to the presence of the
ferromagnet [31] [32][33]. In order to reduce its dissipation, an insulating layer is
added to the junction to form a layout (SIs’FS) such as that shown in fig[l.17} where
S is a bulk superconductor, I is an insulator, s’ is a thin superconducting film, and F
is a metallic ferromagnet [29]. The geometry and size of the devices have an obvious
influence on properties of the junction. As an example, in figure [[.18] the value of
the I.R, parameter for different values of the F-layer thickness, and for different
reference JJs are reported [33]. We can observe that:

e for the black, blue and orange curves the thickness of the middle s’ layer
is much larger than that of s layer, dy >> dg, = 3&s [34]. In this case
the structure can be considered as a serie of SIs’ and s'FS junctions. The
properties of the structure are determined by the junction that shows the
smallest critical current amplitude. In the ordinary case of 1., , << I,

the junction behaves like a conventional SIS with an important distinction:
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z

Figure 1.17: Sketch of a SIs’FS Josephson junction. dg, dy, d;, dr, represent, the
thickness of S, s’,I and F layer respectively while W is the width and L the length
of the junction.
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Figure 1.18: Characteristic I.R,, for SIS'F'S structures versus Lg/{p; where Lp and
& represent the thickness of the F-layer and its coherent length, respectively. The

image has been adapted by [33].

the s’F'S junction can turn the SIs’FS structure into a m-state [34]. Therefore,
the structure can be called switchable 0-7 SIS junction [34].
Another case appears for large dr values and high exchange fields H. Namely,
the structure transforms into a standard SFS-junction without any influence
of tunnel barrier [34].

e the purple dashed curve describes the case of juntions with dy < dg,: it leads
to the suppression of superconductivity completely appears, and drives the
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formation of a complex-InF-weak link area. In this case the critical current I,
is close to that shown by SIFS junctions. The system behaves such as a single
SInF's junction [34].

e The intermediate case occurs when dy ~ dg,. The system is sensitive to
the F-layer parameters (thickness dr and exchange field H) that control the
suppression of superconductivity in the s’F bilayer.

1.7.1 SIs’FS junction in magnetic field

In samples containing an F-barrier, to evaluate the total magnetic flux through the
junction ¢, we have to take into account the F magnetization flux ¢,;, which is
given by ¢yr= poMpLdg, with L the cross-section width. Hence, the total magnetic
flux through the junction is ¢ = puoH Ldy; + poMpLdp , where the thickness of the
material penetrated by the applied field is dy; = 2Ag + dy + dp + d; , with dy the
thicknesses of the thin superconductor and d; the thickness of the insulator [23] [30].

In this case, because the hysteretic dependence of Mpr on H, it should observe a
hysteresis of the I.(H) curve depending on the sweeping direction of H. The re-
sulting Fraunhofer patterns are shifted in the field to a point where the flux due
to the external field cancels out the flux due to the magnetization. Specifically, we
expect that, when H is ramped from positive to negative fields (black curve in m
a), the global maximum of the Fraunhofer-like pattern should be shifted toward
negative (black curve in b) fields because of the positive remanence of the F
layer, whereas when H is ramped from negative to positive fields (red curve in m
a), it should be shifted toward positive fields (red curve in b)[30]. In the simple

(@) (b)

17
01— \
i 1

H (a.u.) H (a.u.)
Figure 1.19: It shows -a) the magnetization as a function of the applied magnetic
field for a superconducting junction employing a ferromagnetic layer; b) the magnetic
dependence of the critical current; the black solid curve is made by positive magnetic
field (H) while the red by negative H [30].

M (a.u.)

case of a homogeneous F barrier in a single domain state, the Fraunhofer pattern is
simply offset by a factor

1.41
2\s + dy + dp + doy) ( )

poHspipe = —<

where My is the saturation magnetization of the F layer.
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Inverse proximity effect

The inverse proximity effect occurs when the magnetic moment m is transferred from
the F to the S system. This phenomenon is related to the Cooper pairs localized in
proximity to the S/F interface: an electron with the spin aligned along the exchange
field can easily penetrate the F layer, while an electron with the opposite spin
tends to stay in the S layer. As result, the superconducting coherence length &
(~ 1-100 nm) acquires a net magnetization Mg, with opposite direction to Mp.
Neglecting this short-range inverse proximity effect and the stray fields of the F
layer, the direct S/F proximity effect is always responsible for the generation of
screening supercurrents in response to the presence of a vector potential at the
S/F interface, the so-called electromagnetic proximity effect. These supercurrents
generate a magnetic induction field Bg, in the S film which is antiparallel to My and
decays at distances of the order of the London penetration depth A\g. The profile of
the magnetic induction in S at the S/F interface is

A
Bg. — —querxp()\—S> (1.42)

with @) = deF f—;dx where x is the axis orthogonal to the S/F interface where the
S
origin has been set [23][30].

According to the inverse proximity theory, the magnetization in the S at the in-
terface with F, Mg, cannot exceed the value of Mp. Therefore, if we suppose that,
in the SIs’F'S JJs, we are in the presence of a magnetization Mg, induced by the
inverse proximity effect in two S layers adjacent to the F, and we assume that two
S/F interfaces are identical, neglecting the electromagnetic proximity effect and the
stray field, the total magnetic flux through the junction is:

¢ = poHdy L + pioMp(H)dpL(1 — 7) (1.43)

where v is a parameter that considers the contribution to the total flux through the
junction caused by the spin polarization in the S:

= |MSC &z (1.44)

Mp dp

To observe the inverse magnetic hysteresis 4 must be larger than unity [30]. The
choice of the materials and the geometry of the device, along with the characteristic
lenght scales of the S and F layers, and in particularly the ratio 5—; play a crucial
role in the observation of the inverse magnetic hysteresis.



Chapter 2

Introduction to the fabrication

process

This chapter will focus on the fabrication processes useful to build the Josephson
junctions, investigated in this thesis. Therefore I will introduce the photolithography
and I will describe the used deposition techniques.

2.1 Protocol of fabrication

In this section, I will report on the realization and characterization of SIS’F'S JJs
multilayer devices, based on an Nb technology, that has been studied in this thesis

work [5] [35] [36].

Si substrate

5)

I thin superconductor I
Al/AIOx tunnel barrier

Base Superconductor
Si substrate

thin superconductor
Al/AIOx tunnel barrier

Base Superconductor
Si substrate

3) Al/AIOx tunnel barrier 4)
Base Superconductor

Si substrate

Base Superconductor
Si substrate

6.a) SIs'S

Top :
Superconductor >

thin superconductor I
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Base Superconductor

Sio, Si substrate
thin superconductor I 7) SIS'FS
Al/AIOx tunnel barrier 6.b) .
Base Superconductor SiO, RE

Py interlayer Superconductor sio2

thin superconductor I
Al/AIOx tunnel barrier
Base Superconductor

Si substrate thin superconductorl

Al/AIOX tunnel barrier
Base Superconductor

Si substrate Si substrate

Figure 2.1: Schematic representation of the developed fabrication processes useful
to build the investigated Josephson junctions.

Figure |2.1| shows all the processes inherent to the fabrication:

e 1) Si wafer is cleaned by Aceton and Isopropanol;

22
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e 2)-3) a thin superconducting layer (Nb or Al) is deposited followed by Al
deposition that, when oxide, forms the insulating barrier;

e in 4) a Nb-Al/AlOx-Nb trilayer has been deposited in an ultra-high vacuum
system by dc magnetron sputtering onto oxidized Si wafers. The base electrode
consist of Nb film having a thickness of 200 nm, while the top electrode consists
of Nb film having a thickness of 40 nm. Both electrodes are deposited at a rate
of 1.2nm/s. The intermediate Al layer has been deposited at a small rate of
0.7nm/s to obtain a film thickness of 7nm, which afterward is exposed to dry
oxygen to form AlOx tunnel barrier. The trilayer has been patterned using
optical lithography and lift-off procedure;

e in 5)-6), we used a selective anodization process, togeher with further insula-
tion by Si0, deposition, to obtain the junction areas. The dimension of the
area of the JJs ranges from 100 pum? to 7 pm?;

e 6.b), the wafer has been diced into 10x10 mm? chips, and Ar ion etching has
been used to remove 10 nm of the Nb oxide layer before depositing the F layer.
A layer of Py has been deposited by the lift-off technique. The Py has been
sputtered by a magnetron source at a rate of 0.7 nm/s;

e Py films have been analyzed using a scanning electron microscope (SEM),
equipped with a probe for energy dispersion spectroscopy (EDS probe), to
obtain a chemical analysis of the surface;

e then, 7) a 400nm top Nb counter electrode has been deposited by dc-sputtering
and lift-off process, obtaining the overall SIs’F'S structure.

The optical image reported in figure shows the chip layout of the studied junc-
tions.

=
Figure 2.2: It shows the optical image of a part of the develop chip layout that
includes the superconducting junctions investigated in this thesis work.

The investigated junctions are:

e SIs’S Josephson junctions, based on Niobium;

e SIS’F'S Josephson junction, based on Niobium, for dy=30 nm, and dy=10nm;

e SIs’S and SIS'F'S Josephson junction, based on Aluminium .
The realization of these other junctions took place following the same procedures
described above. In particular, in the case of the SIs’S junctions, the steps for the
deposition of the ferromagnet were not performed, following points 1 to 6 sketched
in figure [2.1] For junctions having different thicknesses of s’ layer, the parameters
of the instruments were set differently, while junctions based on Aluminum or Nio-
bium, different superconductors have been used.
In this case, it should be emphasized that, while junctions based on a Niobium tech-
nology have been extensively studied in the literature, that made using Aluminum
technology represent a novelty and it is the first time that they are investigated.
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2.2 Photolithography technique

Lithography techniques allow to transfer a pattern onto a film by using a photo-
sensitive polymer (resist). It is based on UV-source since it is faster (a few seconds
of exposure for having a complete exposure of an entire 8" wafer, against several
hours necessary if using an electron beam-based lithography) and less expensive.
The substrate is first cleaned (2.1}2) to remove dust and contaminants from the
surface. Then, is covered with UV resist 3), a polymer sensitive to UV light,
by spin-coating: the sample is placed on rotating support (spinner), a few drops of
the resist dispensed on it, then it is put into rotation in order to spread the fluid
on the substrate. The parameters of rotation are calibrated to establish the needed
thickness of the resist, allowing better evaporation of the solvent and the formation
of a solid and uniform thin film. The thickness of the resist depends on the concen-
tration of the polymer in solution and its viscosity and is reduced as the rotation
speed increases. The soft-bake process occurs when heating is used at 80-90° C, to
evaporate the residual solvent from the resist. During the exposure step, the sample
is irradiated by a UV lamp and aligned to a mask in quartz. The UV light on
the sample sensitizes the resist in correspondence with the openings of the mask.
Exposure to light modifies the chemical bonds of the resist then a chemical solu-
tion, called ”developer” allows to dissolves only the exposed resist (see sketch 4).

e For positive resist the developer dissolves the part of resist that has been
exposed; positive resist allows to transfer in the resist the same pattern drawn
on the mask;

e The negative resist allows to transfer the complementary drawn design on the
mask.

2.3 Deposition techniques

The superconducting materials are deposited by DC magnetron sputtering. This
technique allow to deposit thin film with high uniformity of thickness. The de-
position step is run in an Ultra High Vacuum (UVH), about 10~7 Torr chamber
[37]. The used deposition systems are located at the superconductivity laboratory
of the Department of Physics and of the CNR-SPIN center-Pozzuoli, and at the
Polytechnic School of the Basic Sciences of the University of Naples” Federico II.

2.3.1 Sputtering DC magnetron

DC sputtering process is sketched, in figure [2.3]
We can distinguish between :

e the target (blue rectangle), the material to be deposited, connected to a power
supply DC. The target is bombarded by energetic particles, mainly ions, which
cause the detachment of atoms or molecules that are deposited on substrates;
the process takes place in an isolated environment.

e the substrate (green rectangle), the material on which to carry out the depo-
sition, connected to the ground.
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Figure 2.3: Sketch of a DC magnetron sputtering system.

Ions come from an inert gas at low pressure, noble gas, to avoid the compromising
growth of the thin film, which is inserted inside the chamber between two electrodes

37).

By applying a difference of potential between the target and the ground, an electric
discharge is obtained which ionizes the gas and gives the plasma (orange one in
, consisting of positive Ar™ ions and free electrons, accelerated by the electric
field towards the target going to free. It is possible to observe phenomena of chain
multiplication, due to secondary electrons going through a mechanism of ioniza-
tion events. The number of electrons will not increase indefinitely since there will
always be recombination favored by the chamber walls. At equilibrium, the num-
ber of electrons and ions produced is equal to those of the recombination process
. To increase the efficiency of the sputtering process it is possible to confine
the discharge near the target using permanent magnets, favoring the confinement
of secondary electrons near the target surface, and due to their spiral shaped path,
increasing the probability of ionization due to gas collision. This, therefore, allows to
decrease the pressure of the sputtering gas and consequently reduces the concentra-
tion of impurities in the environment. This variant of the process, called magnetron
sputtering improves the potential of the technique, in particular by increasing the
deposition and the efficiency of the deposition.
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Measurements, techniques and
experimental set-up

The electronical characterization of superconducting materials requires a system
that allows to reach low temperatures, equipped with cryogenic filters useful to re-
move unwanted sources of noise. The electrical characterization has been performed
in Triton cryostat, to which I contributed to installing lines and setting up the elec-
tronic setup. Triton system is a cryogen-free system, suitable for long-term and
less-expensive cool-downs.

The next sections are dedicated to the description of the main features of the Triton
and its filtering system. In addition, I will give an overview of the techniques used
to perform DC- measurements for Josephson junctions.

3.1 Triton Dilution fridge

Oxford Triton system reported in figure [3.1]is a helium-free cryostat that allows to
reach temperature below 10mK.

RT-plate

Figure 3.1: Lateral view of the Triton system.

26
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It is equipped of six copper gold-and silver-covered plates, thermally decoupled
one from another by means of Stainless-Steel (SS) supports [38]. The plates distri-
bution is the following:

the RT-plate, at RT;

the PT1, at ~ 70K;

the PT2, at ~ 4.2K;

the still-plate, at ~ 700mK;

the TAP-plate, or cold-plate, at ~ 100 mK;
the MC-plate, at ~ 10mK.

The temperature of the last three plates is determined by the dilution process, pro-
posed by Heinz London in 1950s, characterized by three main stages, which we will
describe in more detail.

The first phase is the condensation, where an > He-* He mixture gas, preserved in a
tank, is first cooled and purified in liquid nitrogen. Then a pulse Tube Refrigerator
(PTR) precools the system down to about 10 K. The PTR vibrations induce noise
during the measurements, so, copper braids are used at the 4K-plate, capable to
decouple the PTR heads from the other plates. In the Pre-Cooling (PC) phase the
mixture is first cooled down to 10K using a series of heat-exchangers located at PT1,
PT2, the still, the cold-plate and the Mixing Chamber (MC), and a counter-flow
heat exchanger located at the top plate improves the cooling of the gas before it
reaches PT1. When the system reaches ~ 10K, the pre-cool loop is evacuated using
a turbo pump, and the mixture is compressed using a high pressure (~ 2.5 bar)
pump. Then, the Dilution Unit (DU) starts and a series of heat exchangers and
pressure impedance in the condenser line are used, in the way to reach temperatures
below ~ 2K.

The 3He, in the mixture, is still gaseous, so, combining the effect of an extra heat-
exchanger in the still and an impendance in the JT stage, it reachs its condensing
temperature. The circulation of the mizture through the condensing and still lines,
by using the external pump rack, allows to reach a temperature of about 800 mK.
For values below 800 mK, a phase boundary between the concentrated and the dilute
phases of 2He in the >He-* He mixture occurs. The motion of the 3He out of the
MC is an endothermic process, called dilution phase, that lowers the temperature
down to 10 mK. Finally, the ® He molecules in the MC are pumped out through the
still-line and then recondensed again (circulation). In the still chamber, which has
optimal temperature between 700 mK and 800 mK, we can increase the evaporation
of the mixture using a heater, and optimize the circulation process.

The control of the pumps, pressures, temperatures and valves in the cryostats is

achieved with the use of an Intelligent Gas Handling system (IGH), driven by an
Oxford Instruments LabVIEW software.

3.2 Measurement system

I will briefly describe the engineering, mounting and characterization of the DC-
filtered electronics.
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3.2.1 DC setup

Accurate measurement of the transport properties of JJs and superconducting nanos-
tructures requires filters useful to reduce the electrical and thermal noise. The Triton
is equipped with 48 DC-lines, 24 current-carrying lines and 24 voltage lines. Half of
these lines (12 current lines and 12 voltage lines) are designed to be filtered.

From the RT-plate to the 4K-Plate, I-lines and V-lines are twisted pairs in cop-
per and constantan DC-looms from Oxford instruments, respectively. From the
4K-Plate to the MC-plate, instead, I-lines are in a NbTi DC-loom from Oxford
Instruments, while the V-lines are homemade manganin twisted cables The con-
stantan and the manganin are characterized by a low thermal conductivity, and
therefore suitable for voltage measurements. Copper lines are, instead, character-
ized by a lower resistance compared with the voltage-lines, thus reducing heating
when current-biasing the devices. Finally, the NbTi is superconducting below 10K,
i.e. it ensures no heat dissipation at the coldest stages of the cryostat.

The home-made wiring is electrically isolated from the environment with fiber glass
gloves. Some sections of the wires are left uncovered for thermalization: the lines
are spiraled around copper pillars thermally anchored at the 4K, the still- and the
[AP-plates. Varnish glue ensures electrical insulation and favors thermalization.

RT to 4K

The first filtering stage is at RT via two EMI filters connected to the I and V input
on the top of the cryostat. Such filters are composed of find ferrite beads followed
by 24-channel filter boxes with paththrou RC-7 filters (fig. |3.2]).

Figure 3.2: Emi filters used to improve the signal-to-ratio-noise. They are connected,
at room temperature, to the Triton cryostat .

This stage helps cut-off high-frequency peaks due, for example, to mobile phones.
The I- and V-lines pass through two Electrolytic Tough Pitch (ETP) copper boxes
anchored at the 4K-plate. In each copper box, there are two electrically isolated
chips with six RC-filters each, with a common ground at the copper-box.

12 twisted I and V pairs pass through the box and are directly connected to the
output Cinch of the box (unfiltered lines), while the other lines are connected to
the filters. The motivation for which we use second-order RC-filters rather than
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standard RC-stages is related to the needed different degrees of attenuation for the
input signal at different frequency-bands.

IAP-plate to MC-plate

At low temperatures and above 10MHz, the RC-filters present losses in attenuation.
Thus, we need other filtering stage able to cut-off signals at higher frequencies. To
this aim so we installed at the IAP-Plate in the Triton two brass-powder filter stages,
both RC-filtered and unfiltered I and V-lines pass through this stage.

A low-pass metal powder filter is an insulated wire surrounded by fine metal grains.
The attenuation of high-frequency signals occurs due to the dissipation of current
induced in the grains, depending on the powder material, their size, diameter and
length of the wire [39]]40][41].

In the Triton, we have two rows of 12 insulated manganin (for the voltage lines)
and copper wires (for the current lines) with a 0.lmm-diameter, encapsulated in a
cylindric paste made of resin, hardener and brass powder. Generally, mixing the
powder with epoxies allows us to obtain a better thermalization of the central wire
compared with pure powder-made filters [39]|40][41]. Both manganin and copper
wires are shaped into a spiral, with a distance between the loops of 0.1 mm diameter.
The 24 filtered I and V lines terminate with a Cinch connector, which is plugged
in the sample holder stage, thermally and mechanically anchored to the bottom of
the MC plate. In the sample holder, there is a Cinch-to-Fischer home-made cable
of NbTi (for the current lines) and manganin (for the voltage lines), thermalized on
the sample holder.

Another problem to take into consideration when studying JJs is the screening
of cryostat from the external magnetic field. For this reason, the sample holder is
protected by lead and cryoperm screens.

Finally, the characterization of JJs, and in particular of SIs’F'S JJs, requires the use
of superconducting coils. In the Triton the coil is mechanically anchored to a copper
ring centered on the sample stage by means of non-conducting stands. The coil-lines
are in copper from the RT-plate to the 4K-plate, and superconducting (NbTi) from
the 4K-plate down to the MC. They are thermalized at the 70K-plate, the 4K-plate
and at the cold-plate (IAP), and otherwise covered by a fiber glass glove.

3.3 Current-Voltage measurements

In this section, we will deal with the measurement techniques used for most of the
characterization in a DC-environment of superconducting systems.

The electronic setup connected to the cryostat allows different measurements useful
to characterize different types of devices. All measurements are performed using
a four-wire connection useful to exclude all the contributions to the resistance not
due to the sample (lines, electrodes, contacts, etc). The junctions are current biased
using an Agilent 33120A waveform generator. The generated voltage difference is
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applied to a tunable shunt resistance. The frequency of the input signal is low and
is always chosen far from 50 Hz in order to avoid resonance effects with electricity
grid. The characterization of the junctions have been performed injecting a current
with a frequency of ~ 11H z.

In Figure [3.3] it is shown a schematic of the used DC-measurement setup. It is
shown that in the system a return current path is provided, which means that it is
also possible to measure directly the current passing through the junction.

Agilent 33120 A Teots

/\/ Keithley 2400
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@) O >‘
)
Rk == i
Vm.ras
T —— s Ineas SR:;TQ
B100A Amplifier Preamplifier
) ? ® @ Vamp - T
Trigger
|
fx:mp

Figure 3.3: Sketch of the used DC setup for current-voltage measurements as a
function of the temperature [19].

The recorded output signal is the amplified, by variable gain amplifier battery
powered, voltage drop across the junction.

Current versus voltage characteristics can be measured as a function of temper-
ature and /or magnetic field, in order to obtain a wide characterization of the devices.

Due to the complexity of the experimental set-up, the presence of the filtering and
amplification stages, electrical and thermal noise effects and the huge number of
freedom degrees of a solid state sample strongly affect the results of the experiment.
In order to accurately define the properties of the studied junctions the associated
errors to the recorded measurements have to be evaluated.

The temperature of the reservoir in which the Josephson junction is thermalized,
is registered byan electrical measurement of a diode resistance whose sensitivity at
low temperatures is approximately 1x10~* K.

The associated error to the voltage measurements are mainly due to the noise sig-
nal because that due to the instruments are negligible compared to the noise. In
figure [3.4] is shown a zoom of the noise band of an I-V characteristic of a Josephson
junction at a temperature of 2.5K:
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Figure 3.4: Magnification of the superconducting arm of a current-voltage curve
at T=2.5K for a Josephson junction Nb based. It shows that the voltage noise
amplitude is 4V wide.

The width of the voltage noise band is AV = 4uV which allows estimating the
relative error %:1% when a threshold in voltage is fixed for defining the I, values.

3.3.1 Current-Voltage as a function of the applied magnetic
field

The magnetic field parallel to the junction barrier is generated by injecting in a coil a
current by Keithley source meter. The error on the generated current is 0.012%1..;;,
as declared in the instrument specifications .

We applied a magnetic field from zero to an upper value; after that, the field is swept
from a positive value to a negative value, and then goes to zero. For each value of
the magnetic field, we acquired the IV characteristics, with a step Al.,; and till a
next field is applied it is waited t=1s. The number of average sweeps for each I-V
curve was set to 100.
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Data analysis

In this chapter the transport measurements relative to Nb- and Al-based JJs, of
SIs’S and SIs’FS type, will be shown and discussed.

The behavior of the investigated SIs’S JJs follows the theoretical prediction, as
derived from the analysis of the I-V curves. This confirms the high quality of the
fabricated junctions. Ferromagnetic JJs have been also investigated and show a
very high quality since small deviations from the ideal behavior have been recorded,
thus confirming their possible use in advanced quantum devices. This conclusion is
supported by an analysis of the magnetic response of the junctions.

4.1 Conventional tunnel junctions

Following, it will be discussed the characterization of a SIs’S Josephson junction:
Nb(200nm)-AlO,-Nb(30nm)-Nb(400nm), the numbers in the brackets represent the

thickness of the used materials.

4.1.1 Current-Voltage characteristic at base temperature of
10 mK

Figure 4.1| shows the IV characteristic for the SIs’S Josephson junction based on a
Niobium technology, at T=10mK.

Former curve was carried out by a current bias given by applying a voltage signal,
with a frequency of 1.123 Hz, to a shunt resistor, Rgpyun:=100K¢).

Figure [4.1| shows an hysteretic behavior of the junction where four different regions
are displayed:

e the superconducting branch (1) represented by the branch with a finite current
and V = 0;

e the switching branch (2), represented by the jump from the superconducting
arm to the ohmic one (its physical properties go beyond the goal of this thesis
and because of that it has been not investigated);

e the ohmic branch (3), where IV characteristic shows a linear behavior and
allows to extrapolate the normal resistance of the junction;

e the retrapping branch (4), related to the process of retrapping of the phase
particle into the minima of the washboard potential (see section [1.3.2]).

32
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Figure 4.1: IV characteristic for a circular (R=2pm) Josephson junction, based on
a Niobium technology, for a SIs’S type: Nb(200nm)-AlO,-Nb(30nm)-Nb(400nm).

In order to determine the normal resistance R,, or the critical current I.., and the gap
of the junction the IV characteristics were acquired at high current bias. In order
to minimize the error that is committed to extrapolate the junction parameters, the
data acquisition of IV curves has been split into two data set: at long range (for
drops of voltage above 2A/e), useful to determine the R,, and those recorded at
short range (it defines the part of IV that, from 0 voltage, just shows the phase
transition). The former data set allows a better investigation of the critical current
of the device. Since the curve in fig. [.1] shows points having both negative and
positive values of I and V, to estimate the I. it has been adopted the following
criterion: (1., + I._)/2, where, I., and I._ represent the critical current in the
positive and negative of the IV, respectively.

4.1.2 Current-Voltage characteristics as a function of the
temperature

Figure shows the IV characteristics for a Nb-AlO,-Nb-Nb junction from 8.8K
down to base temperature. At a voltage of the order of a few mV, the characteristics
display a resistive branch with a normal resistance R, = (69 £ 2).

At the lowest temperature it shows an hysteretic behavior that disappears while
it approaches T, (critical temperature) and former features can be ascribable to
capacitance due to the insulating layer as expected by the RCSJ model [1] [43].
Instead, at high temperatures, the suppression of the hysteric branch is ascribable
to the thermal effect and promotes the dissipative effect due to the motion of the
quasiparticles of the systems.
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Fixing a criterion based on voltage threshold (we choose Vi, ~ 30uV), the crit-
ical current (I.) values, as a function of the temperature, have been extrapolated.
The error associated to I. points has been chosen following the criterion reported in
section 3.3

In figure 4.3 the I.R, vs T is shown, and a A.B. type fit was carried out. The
data fit has been accomplished using free parameters: the suppression factor (C)
and the critical temperature. The suppression factor indicates how much the I.R,
trend differs from the ideal S-I-S and it represents a quality index for the junction.

We find a good agreement between the theoretical model and the experimental
results, having 7, = (8.5 + 0.1)K and a suppression factor equal to 0.71 £ 0.01.
Former results confirm that the adopted fabrication protocol allows to achieve high
quality devices [43].

These results represent the starting point for going towards a bit more complex
junctions that, e.g., employing a thin ferromagnetic layer of Py.

| (MA)

R — 0 2 4
V (mV)
Figure 4.2: Current-Voltage as a function of the temperature for a circular (R=2um)
Josephson junction, of SIs’S type: Nb(200nm)-AlO,-Nb(30nm)-Nb(400nm).

4.2 SIs’FS based on Nb

Superconducting Josephson junctions employing ferromagnetic materials (SIs'F'S
JJs) are widely used for making SFQ logic, whose features are low switching en-
ergy (about 107 J/bit at the working temperature of 4.2K) and high switching
speed (a few ps/bit) [3]. Following, it will be discussed the characterization of a
SIs’FS Josephson junction (Nb(200nm)-AlO,-Nb(30nm)-Py(3nm)-Nb(400nm)).
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Figure 4.3: I.R,, vs T for a circular (R=2pm) Josephson junction, based a Niobium
technology, of the SIs’S type: Nb(200nm)-AlO,-Nb(30nm)-Nb(400nm).

4.2.1 Current-Voltage characteristics as a function of the
temperature

In figure the current-voltage (IV) curves as a function of the temperature
from 8K to 10mK for a circular (R=2pm) junction in Nb(200nm)-AlO,-Nb(30nm)-
Py(3nm)-Nb(400nm) architecture are reported. The IV curves show that supercon-
ductivity is not completely suppressed in the intermediate Nb layer [44].

Following the procedure described in the previous section, at each value of the
temperature, the R, and . values have been extracted.
The obtained R, is (187 4 4)2 that gives a specific resistance, R,A, equal to
(2.340.4) x 103Q pum?. The former values are consistent with those reported in the
literature [45)].

I. and R,, as a function of the temperature represent a data set useful to investigate
the quality of the JJ, since the Ambegaokar Baratoff model (sec. allows to
evaluate deviations from the ideal behavior of the junction.

The figure shows the I.R, vs. T plot for the Nb(200nm)-AlO,-Nb(30nm)-
Py(3nm)-Nb(400nm) junction and in red, it is reported, the A.B. theoretical pre-
diction. Through the A.B. fit (equation the values of suppression factor
C=0.62 £ 0.01 and 7, = (7.9 £ 0.1) K have been estimated.

Using the estimated suppression factor, we can compare it to the experimental
I.R,(0) = (1.26 £ 0.03)mV value having V,,,=(2.7 £ 0.1)mV (defined as the ratio
between 41.R,,/7C, at T=0).

We need to stress that the A.B. model considers a pure tunnel limit in a S-I-S
system, while the investigated junction has additional layers that could lead to a
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Figure 4.4: Current-Voltage characteristic as a function of the temperature for a cir-
cular (R=2pm) Nb(200nm)-AlO,-Nb(30nm)-Py(3nm)-Nb(400nm) Josephson junc-
tion.
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Figure 4.5: Points represent the I.R,, product as function of the temperature, while
in red the Ambegaokar-Baratoff fit curve. The investigation has been carried out for
a circular (R=2pm) Nb(200nm)-AlO,-Nb(30nm)-Py(3nm)-Nb(400nm) junction.

change of behavior of the IV (T) dependence [43]. In the case of junctions made by
Niobium, such differences were reported even if there was no additional evaporated
normal conducting layer between the superconducting electrodes and the tunneling
barrier . This supports the assumption that both a normal layer and a su-
perconducting material weakens the superconducting properties of the junction [43].
Although, there is a deviation in the Ambekaogar-Baratoff model, this procedure
gives useful results that allow a better understanding of the fundamental properties
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of the junctions and then may support the development of the next generation of
SIs'F'S junctions.

4.2.2 Comparison between SIs’S and SIs’F'S junctions

Following, the comparison between two previously discussed junctions (SIs’S and
SIs’F'S architecture) will be carried out. Both of them have the same layout (circu-
lar JJ, R=2pm) and are based on the Nb technology but differs only with the Py
layer.

As reported in figure [4.3] at the lowest temperature, the critical current value is
(20.4 £ 0.2)pA and its R, = (69 + 2)S2, thus allows to estimate J.(0) = (160 £
20)A/cm?, RyA = (0.9 £ 0.1) x 103Q pm? and IR, (0) = (1.42 £ 0.04)mV.
I.R,(0) is of the same order of magnitude (mV) of those observed in the presence
of the ferromagnetic barrier [44].

When dealing with Josephson junctions of the SES type, higher critical current
values and smaller resistances are observed than those observed in the case of SIs’S
Josephson junctions. In order to operate in the SFQ regime, the product I.R, must
be of the order of 1 mV [28][46]. However, SFS-type junctions are characterized by
a product I.R,, of the order of uV [47], making these junctions incompatible with
SFQ logic. The SIs’F'S junctions represent a turning point in the SFQ field, as they
satisfy the values of the parameters necessary to work in SFQ logic [48], and give
the possibility to explore the interactions at the s’/F interface.

Comparing the graphs, in figure and [£.5] it can be seen that: in the case of
the junction characterized by the presence of a ferromagnetic material, the I.R,
product is subject to a suppression of 10%, compared to the case without ferro-
magnet [3]. The suppression of the current is due to the effects at the interface
between the s’ /F layer, in which Cooper pairs, crossing the barrier, are affected by
the exchange field of the ferromagnet [34] [47].

A deep understanding of the properties of the SIS’F'S junction can be made by
considering the theoretical plot reported in fig[f.6l Bakurskiy et al., in [34], de-
velop a theoretical model useful to predict how the junction behaves by changing
the thickness of the ferromagnetic layer. Due to the exchange field, that depends
on the domain structures and morphology of the F-layer, the junction deviates from
the A.B. trend, even showing a long tail when the temperature approaches T, [34].
Bakurskiy et al. demonstrate the temperature dependence of theoretical current in
the structures with s’ thickness around critical one (Lg. = 3&;) for different values of
exchange field H. These structures are characterized by the existence of the effective
critical temperature 7 which corresponds to the appearance of superconductivity
in middle s-layer and to an exponential growth of the current

A further comparison between the two junctions was developed by estimating values
of the critical current density, at base temperature and at 4K.

From the literature, it has shown that junctions based on Nb exhibit critical cur-
rent density values in the range of 50 to 300 A/cm? depending on the used oxygen
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Figure 4.6: The temperature dependence of characteristic voltage I.R,, of SISFS
structure for different values of exchange field H in the F-layer. Figure adapted
from [34].

pressure (9 x 1077 Pa s to 4 x 107° Pa s) useful for building the insulating barrier
[49]. In the case of the analyzed junctions, it can be observed how the presence of
the ferromagnet leads to a suppression of the value of the critical current density
(J.) that at base temperature assumes values of (160 + 20) A/cm?, in absence of
ferromagnet, while in presence of ferromagnet it is (53 + 8) A/cm? [50]. At 4K,
J. = (100 £ 10)A/em? for SIS'FS and J, = (33 4+ 5) A/em? for a junction without a
ferromagnetic layer.

4.3 Magneto-transport properties: IVH

Following, the characterization in presence of magnetic field, for the investigated

SIs’S and SIS’ES JJs.

4.3.1 SIs’S Josephson junction

By applying a current to a superconducting coil, a magnetic field is generated, then
the superconducting properties of the junction are recorded. The magnetic field has
been swept in both direction (negative and positive values) recording, at base tem-
perature, IV curves that we called “up” and “down”, respectively. For each recored
dataset, following the same procedure shown in the previous section, the I. values
are extrapolated and shown as a function of the magnetic filed, in figure [4.7

Since the junction under investigation has a circular geometry, as reported in
the theoretical chapter, its critical current dependence on the applied magnetic field
follows the Airy relation (sec. , that allows to estimate the junction parame-
ters, like the radius and the London penetration depth Aj.

Using the relation parameters such as R = (2.1 £ 0.2)um, A, = (100 &+ 3)nm
have been estimated and the obtained values are compatible with others found in
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Figure 4.7: The scattered points represent the experimental data of I.(H) charac-
teristic for a circular (R=2um) Josephson junction of the SIs’S type: Nb(200nm)-
AlO,-Nb(30nm)-Nb(400nm) while red line represents the curve predicted by Airy
model.

literature [51][52].

I Ji(52
L (H;R,d) = |2 lfrjjO) (4.1)
Cmazx %

with ¢ = 2HRd, and ¢y =2.07 mA pH, where R corresponds to the radius of the
junction, and d = 2\g + d,,, to the length of magnetic penetration.

Since the red fit line reported in fig. well fit the experimental data, it mani-
fests a good uniformity of the current distribution in the junction [51][52].

4.3.2 SIs’FS Josephson junction

We have also investigated the magnetic response of a SIS’F'S junction where the
thickness of the intermediate superconducting layer s’ is kept fixed at 30nm and a
thin layer of Py, 3nm thick, has been deposited.

In figure the I.-H dependence is shown at T=6K. It exhibits, as expected for
JJs employing a thin ferromagnetic layer, an hysteretic behavior of the I.(H) [3].
In agreement with what has been discussed in section [1.6.3] and [1.7.1] two patterns
are shifted depending on whether increasing or decreasing magnetic fields are sent
to the junction. The shift between the two patterns makes these junctions available
as RAM (random access memories) [3] [53] [54].
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Figure 4.8: The scattered points of the I. vs H curve concern the experimental
data per for a circular (R=2pm) Nb(200nm)-AlO,-Nb(30nm)-Py(3nm)-Nb(400nm)
junction at T=6K, while the fill lines represents the fit by Airy model.

4.4 Transport properties for SIs’FS with s 10nm
thick

In this section, we will discuss the IV curve for a circular (R = 1um) SIS'FS JJ
made using Nb and employing a thin ferromagnetic layer, with a thickness s’ layer
fixed to dy=10nm. The IV curves are reported in figure [4.9]

Following the same procedure described in the previous section both R, and I,
values have been extrapolated from the I-V curves. The I.R,, product as a function
of the temperature, for SIs’FS junction, is shown in figure [4.10

As reported by Bakurskiy et al. [34], the behavior of the junction is strongly influ-
enced by the thickness of the s’-interlayer, and the I.R, curve does not follow the
A.B. prediction. At the lowest T it shows a plateau, while at high T (for T'~ T,) a
tail of I.R,, curve is displayed with an exponential dependence on the temperature.
Former trend is typical for junctions in which the transport properties are ruled by
the proximity effect, where the new length of scale &, - that depends on the normal
properties of the s’ layer - defines the decay length scale [1] [16] [21]. At intermediate
temperatures, the tail could be still interpreted in terms of proximity effect, since
&, increases its value by reducing the temperature and even the exponential decay
changes its trend|16].

This I.R,, behavior is due to the fact that when a SIS’F'S junction has the thickness
of s’ comparable to the correlation length of the superconductor, it ceases to behave
like an SIs’ + s’F'S series [33] [34]. Conversely, proximity effects prevail and the
junction behaves like an SInF'S JJ [34].
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Figure 4.9: IV characteristic for a circular (R=1 pm) Josephson junction, based on
a Niobium technology, of the SIS’FS type: Nb(200nm)-AlO,-Nb(10nm)-Py(3nm)-
Nb(400nm). In the box, the magnification of the IV curves shows the hysterical
nature at low temperature, for the recorded data.
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Figure 4.10: I.R,, product for a circular (R=1 pm) Nb(200nm)-AlOx- Nb(10nm)-

Py(3nm)-Nb(400nm) Josephson junction.

A comparison between I.R,, values for SIs’F'S junctions having different thicknesses



42 Chapter 4. Data analysis

for the s’ layer (10 and 30nm) has been carried out and the results are summa-
rized in table [4.1] It can be observed that the junction having s’ layer, dy = 10nm
shows a reduction of about two orders of magnitude of the I.R,(0) product, equal
to (47 &£ 1)uV, respect to the thicker junction.

SIs’FS JJ SIs’FS JJ
dg (nm) 30 10
R (um) 2 1
7.(0) (AJem?) 53+ 8 35+05
R() 187 +4 120L8
LR, (0)(mV) 1.26£0.03 0.047 = 0.001

Table 4.1: The table shows the characteristic values of J.(0), R,, I.R,(0) for the
two SIs'FS junctions, with different thickness of the s’ layer. Values of J.(0), R,,
I.R,(0) represent the critical current density, the normal resistance and the critical
current normal resistance product, respectively.

4.5 SIs’FS based on Al

In this section the transport measurements of Josephson junctions based on Al
and employing a thin ferromagnetic layer will be shown. They will be investigated
by transport measurements, as a function of the temperature and of the applied
magnetic field, and represent the first type of Josephson junctions that combine the
Al technology with ferromagnetic materials [35] [55].

4.5.1 IV characteristics as a function of the temperature

In figure the current-voltage characteristics as a function of the tempera-
ture IV(T) for the junctions Al(200nm)- AlOx-Al(30nm)-Al(350nm) (SIs’S) and
Al(200nm)- AlOx-Al(30nm)-Py(3nm)-Al(350nm) (SIs’FS ) are shown.

The curves are recorded in the range of temperature from 1.3K down to 10mK. At
lowest temperature they show an hysteretic behavior, thus confirming their under-
damped transport regime (see while a complete phase transition at the normal
state, for temperature above 1.3K, is shown.

Performing the procedure explained in the former sections, the normal resistance
R,, of the junctions under investigations have been estimated. For SIs’S and SIs'F'S
junctions, we find R, = (1.7 £0.7) x 10*°Q and R,=(1.8 +0.7) x 103Q, respectively.
Even their specific resistance has been evaluated as the product between the normal
resistance and their cross section, finding R, A = (21 £ 3) x 103Qum? for SIs’S and
R,A = (234 3) x 103Qum? for SIS'FS architecture [35].

By IVT curves, reported in figure [4.11] and fixing a voltage threshold of the
order of tens micron-volts, the values of I. as a function of the temperature have

been extrapolated.

Josephson junctions based on Aluminum technology show a critical current of the
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Figure 4.11: The figure shows the IV(T) characteristics for two circular (R=2 um)
Josephson junctions based on Aluminium in (a) SIs’S and (b)SIs'FS architecture.

order of tens of nano-Ampere (three orders of magnitude lower than that of the Nb
JJs). These small amplitude for I, are strongly affected by any noise sources. Be-
cause of that, the associated error to I. has been estimated as difference between 1.
and /., . More challenging the estimation of I, is when the temperature approaches
T, since the already reduced I. amplitude becomes comparable to the experimental
resolution. In order to make a better valuation near 7T, it is necessary to perform
an RCSJ fit , but, in this analysis, we are interested in temperature values below
T., and for this reason it has not been performed .

We find that, at base temperature, for the SIs’S JJ 1.(0) =(44 + 2)nA, while for the
SIS’FS JJ 1.(0)= (42 £ 1)nA; former values are compatible with those reported in
litterature in the tunnel limit [56].

In figure the scattered points represent the I.R, product as function of the
temperature T for: a) SIs’S and b) SIs’FS junctions; the red line represents the
prediction by A.B. model.

The extrapolated parameters, and the characteristic voltage I.R,(0), for both the
junctions, are summarized in table [4.2]

Comparing the previous data with those collected with Nb-based junctions,
greater compatibility is observed between the experimental data of I.R, and the
A.B. model [35], due to a thin natural AlO, barrier that decouples the Al from the
ferromagnetic layer - eliminating the exchange coupling at their interface - and the
Al layer that does not experience any exchange field.

Previous studies, on the tunneling conductance of junctions consisting of a thin Al
films coupled to semiconducting ferromagnetic layers of materials, such as EuO and

EuS, confirm our achieved results .

Further investigations on the mechanisms that play an important rule of tuning the
properties at interface between the Al and ferromagnetic materials are still needed
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and a next generation of devices and experiments are currently under development.

SIs'S JJ SISFS JJ

T.(K) 1.29 + 0.01 1.30 £ 0.02

C 0.22 £ 0.02 0.27 £ 0.03
I.R,(0) (uV) 76+ 3 72+3

Table 4.2: It summarizes the extrapolated values, T.(K) and C, and the experimen-
tal I.R,(0) for SIs’S and SIS’F'S JJs, based on Aluminium.

4.5.2 IV measurements as a function of the magnetic field

In this section, it will be reported on the magnetic characterization of the supercon-
ducting junctions. The experimental data are then compared with the theoretical
models described in the first chapter.

SIs’S Josephson junction

The properties of the superconducting junction based on Al technology have been
investigated.

In figure its magnetic pattern at T=10mK is shown. Blue scattered points rep-
resent the experimental data that have been extrapolated by current-voltage curves
recorded meanwhile the applied magnetic field (H) is swept from H,,;, t0 Hpaz-
Since the investigated Al based junction has a circular geometry, the magnetic de-
pendence of the experimental data has been fitted by using the Airy model.

The red curve shows a good agreement between the theoretical prediction and the
recorded data, thus confirming the high quality of the tunnel barrier for the junc-
tion. The data fitting procedure has allowed to have the estimate R=(1.6 +0.4)um
and A\;,=(30+2) nm (values in agreement with those reported in literature [59]).
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Figure 4.13: It shows the 1./1., .. vs. the applied magnetic field at T=10mK, for a
circular (R=2pm) SIs’S Josephson junction based on Al

SIs’FS Josephson junction

In this section the magnetic dependence of the critical current (I. vs. H) for the
SIS’F'S junction made with Al will be discussed. The figure [4.14] shows the I, vs. H
curves at T=10mK. The scattered points represent the experimental data.

As it is discussed in [34], due to the thinner s’ layer, the junction work as a
series of two junctions: SIs” and s’F'S. Since the critical current I, , < I, , the
entire junction will works as a S-I-S JJ, and its /.-H dependence will still follow the
Airy expression [1.28, where the flux quantum @y will include terms that depend
on the London penetration depth and the concentration of the magnetic clusters in
the F layer oriented parallel or antiparallel to the applied magnetic field [34] . Airy
patterns are expected to be shifted to a point where the flux due to the external
field cancels out the flux due to the magnetization. Specifically, when H is ramped
from positive to negative fields, the Airy-like pattern is shifted toward negative fields
because of the positive remanence of the F layer, whereas when H is ramped from
negative to positive fields, the pattern is shifted toward positive fields.

Al based Josephson junctions employing a thin ferromagnetic layer that have been
investigated in this thesis represent the state of the art of switchable and low dis-
sipative quantum devices. Due to their properties, this junctions represent the key
element of future advanced architecture for the quantum computation.
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Figure 4.14: Experimental dependence of I./1,
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versus increasing (blue) and de-

creasing (yellow) external magnetic field, for circular (R=2um) Al Josephson junc-
tion employing a thin ferromagnetic layer.

In table the main parameters of the junctions based on Al and Nb in SIS’F'S
and SIs’S architecture are summarized.

JJ Tech. | dg (nm) | R (um) T.(K) J.(0) (A/em?) | I.R,(0) (mV)
SIs’S Nb 30 2 8.5+0.1 160 £ 20 1.42+£0.04
SIs’FS | Nb 30 2 79+£0.1 93 £8 1.26 £0.03
SIS'FS | Nb 10 1 45+0.5 3.5£05 0.047 £ 0.001
SIs’S Al 30 2 1.29 + 0.01 0.35£0.01 0.076 £ 0.003
SIS'FS | Al 30 2 1.30 £ 0.02 0.33 £0.05 0.072 £ 0.003

Table 4.3: It summarizes the main parameters for Al and Nb based junctions inves-
tigated in this thesis.
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Conclusion

In this thesis work, junctions in SIs’S and SIs’FS (S represents a superconducting
layer of Al or Nb, s a thin layer of superconductor, I an insulating barrier while F
a thin ferromagnetic - Permalloy - material) architectures have been investigated.
These devices have been fabricated by combining deposition and microfabrication
techniques. Up to now ferromagnetic JJs have been only fabricated using Nb or NbN
as supercondutors, in view of applications as memories or as components of classical
superconducting electronics [30] [44] [60]. This is one of the first studies in which a
ferromagnet is integrated in an Al JJ with the prespective of being used in a variety
of quantum circuits. The sizes of the junctions are micrometrics and they have a
circular geometry with a radius R=2pm. I contributed to the characterization of
the junctions by cryogenic magneto-transport measurements down to 10mK. The
recorded current-voltage measurements have been useful to compare the experimen-
tal data with the Ambegaokar-Baratoff model. This analysis has allowed to achieve
information about the quality of the barrier in both SIs’S and SIs’F'S architectures
with Al and Nb and even to investigate the regime in which the system evolves [34].
Junctions based on Al employing a thin ferromagnetic layer, have been fabricated
and characterized, and represent devices, at the state of the art, where the super-
conducting characteristics of Al and that magnetic of the Permalloy are for the first
time integrated [35]. Due to their micrometric size and to the critical current, at
base temperature, of the order of tens of nano-Ampere, junctions based on the Al
material open up to advanced circuits for the quantum computation, circumventing
the more advanced and expensive techniques useful for shrinking down to nanoscale
the sizes of the junctions. Former makes easily accessible the regime in which the
Josephson energy E; ~ I, has to be larger than the charge energy E. ~ 1/C (C
represents the capacitance of the system) but smaller enough (I, ~ tens nA) to be
measurable with our experimental set up (4-8 GHz). These results pave the way to
the investigation of the fundamental properties of the SIs’S that could be employed
in new architectures of qu-bit made by coupling superconducting resonant circuits
with ferromagnetic junction. The presence of the F-layer, is an extra knob for the
junction. Thus representing a new degree of the freedom for the new generation of
Trasmon qu-bit devices (called by Ahmad et a. ”Ferro-Trasmon” [61]).
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Appendix

A.1 BCS Theory

A.1.1 Landau Fermi-liquid

For a system of Fermions, the ground state corresponds to the filled states with
energies E below the maximal Fermi energy Er, while the excitations are created
by moving a particle from a state below the Fermi surface to a state above it.

We can imagine this process as the superposition of the removal of a particle of a
state below the Fermi surface and the addition of a particle to a state above the
Fermi surface.

We increase the energy of the system by taking a particle out of the state with an
energy E; < Ep and create a hole excitation with a positive energy ¢; = Er — E,
or, by adding a particle with an energy Eo> Ep and create a hole excitation with a
positive energy e, = Fy — Fp.

Let us define the Hamiltonian for particles and holes:

R 1 2\ 2
H, = —(_mv— EA) YU - p (A1)

2m C

where 1 is the chemical potential and U(7) is the potential energy.
The wave function of a particle excitation u. z(7) with an energy € and momentum
p satisfies

Houes(7) = egtio(7). (A.2)

The hole wave function v, 5(7") with an energy e and momentum p’satisfies
Hyvep(F) = epve(7), (A.3)

where an hole excitation is the absence of a particle with the energy —e and mo-
mentum —p.
What we get is:

H, = —H* (A.4)
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Figure A.1: Single-particle spectrum (dashed line) in transformed into Landau exci-
tation spectrum in a strongly correlated Fermi liquid (solid line).

A.1.2 The Cooper problem

Consider two electrons above a filled Fermi sphere. The electrons are united by the
the exchange of phonons, and have opposite spins and opposite momenta.

Their wave functions are uy; = eiﬁ'FUﬁ and u 5, = e*iﬁ'FU_ﬁ.

The pair wave function is

WE (7, ) = up (P )up(2) = € UV (A5)
We carry out a linear combination of the moment:
V() = 3 e ay (A.6)
where az = UV}
The inverse transformation is
ay = V_l/\I/(ﬁeing?’r (A.7)
where V is the volume of the system.
In this way the Schroedinger equation has the form
HL(F) + Ho(72) + W (7, 7) | WP (7, 75) = BWP (7, 7) (A.8)
multiplying by e=("~™) we obtain
265 — Eglaz = — > Wypaz, (A.9)
where
w
ez and €5 < E.
Wap =4 V7@ (A.10)
0, €5 and € > Eeo
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where E.<< Eg.
We obtain

w1 W
o L ] Al
WTE 2,V a5 = 2%, 2 a5 (A.11)

that give us

1 1
= > oo (A.12)

1 1 |Eo| + 2E,
LI — N(0)! <—) A13
W= 2255 = VO g (A-13)
that yields:
2F
|Ey| = ——<— (A.14)
eNOW — 1

We see that exists a state of a particle-hole pair with an energy below the Fermi
surface.

A1
holes /. particles
L
L

Pe p
Figure A.2: The coupling between electron and hole modifies the energy spectrum.
A gap opens up near the Fermi surface.

A gap opens up near the Fermi surface.

A.1.3 The Bogoliubov-de Gennes equations

Coupling between particles and holes is described by introduction of pairing field A
into the particle and hole equations.
The resulting equations are

Heu() + A(7)o () = eu(r) (A.15)
— H*v(F) + A (P)u(F) = ev(F) (A.16)

The functions (u,v) are orthogonal

/ it (7Y (7) + 0 (F)on (PP = S (A.17)
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If we consider the case where V = |V|e'X is costant in space, and the magnetic field
is absent.

- . ,
[— SV - u}u(f') + Av(7) = eu(F) (A.18)
o,
[— %V — u}v(r) + A*u(r) = ev(r) (A.19)
h2K? L
where p = —-£. We look for a solution in the form
u = e XUz ™ (A.20)
v =e XVl (A.21)
In this way
§Uz + |A[Vy = Uz (A.22)
— &V + AUz = €4V (A.23)

with & = 22 [q2 _ /ﬁ,} .

The solution is

er=F1/En + AP (A.24)

where we consider only energies € > 0.

Uy = %(1 + f—z) (A.25)
Voo % (1 _ %) (A.26)

|A| is the lowest single-particle excitation energy in the superconducting state, while
2|Al is the energy which is needed to destroy the Cooper pair.

A.2 Feymann derivation

According to the Ginzburg-Landau theory, we can describe a superconductor through
a macroscopic wave function.

Starting from the Ginzburg-Landau theory and the Schroedinger equation I want
to derive the Josephson equations.

Let consider a Josephson junction, the macroscopic wave function thar describes
each superconductor is:
U, = /nie and Uy = |/nye®?.

We substitute the two functions within the Schroedinger equation:

@h% — UT, — KU, (A.27)
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and o
zha—tQ = U0, — KU, (A.28)

where U is the potential to which the material is subject, and K describes the link
between the superconductors.

Explicit U:
0 i1 . )
ih@ = Ui\/ne'®" — K\/nye'” (A.29)

a i1 )
*/_e = Up/mze'® — K \/nie® (A.30)

multiplying by e(~**ande 7’¢2), we have:

10 8 il
i T A = Ui — K70 (A
L ong h\/—(%2 Up\/1ig — K /nyel@2=) (A.32)

Moy ot

We assume |U;| = |Us| = ¢V and we separate the real part from the imaginary one.

For the real part we get:

dpr ¢V K
T R Vel (A-33)

@¢2 o qV K
2 = of + - n—2(:osgz§ (A.34)

We subtract them and derive the second Josephson equation:

dp  2eV
—_ = — A.35
ot h ( )
Instead, for the imaginary part:
2K
% = - NNy sin ¢ (A.36)
on 2K _
6—; = Naony Sin ¢ (A.37)
For J = —q% we obtain the second Josephson equation:
I =1.sing (A.38)

A.3 Andreev reflection

In 1964, Andreev demonstrated how the single electron state of the normal metal
can be converted into Cooper pairs, and explained how the electrical current at the
interface can turn into a dissipationless current. An electron, in a normal state
material is reflected at the interface as a hole, and produces a Cooper pair in the
superconductor. So the normal current in N is converted to a supercurrent in S, and
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a charge 2e across the interface is transferred, as shown in [22].

An electron of the normal metal affects the S/N interface, with energy lower than
that of the superconducting gap, it carries with it an electron of the valence band
with energy -e. In this way a Cooper pair will form inside the superconductor and
an electron hole-pair inside the metal: the hole-electron pair will have information
about the superconducting state of S, while electrons that form the Cooper pair
have moment kp+dk and -kgp+dk respectively, total moment will be equal to 2dk
<<kp. This implies a spatial modulation of the order parameter of 2dk within a &y
correlation length.

Assume that both the normal metal and the superconductor have the same Fermi
velocity, there are no insulating barriers between them, and the gap varies over
distances longer than the electron wave length k,'. Consider a particle incident
from the normal region on the superconducting half-space x > 0, with a momentum
parallel to the x axis, and assume that the magnetic field is absent [22].

s L

2e [Cooper pair

4, \*/r

Normal Metal Superconductor

Figure A.3: Rapresentation of Andreev reflection. In this case an electron arrives
at the interface and becomes a Cooper pair.

When € > |A], the particle will penetrate into the superconductor and partially
will be reflected back into the normal metal.
So the wave functions that will describe this process will be:

U\ _ gilket+ g arikyy+iks2) 1 4 qeilha— repmtikyy+ik.) 0 (A.39)
v/, 0 1

where the first term correspond to an incident particle, while the second term to a
reflected hole.
The wave function on the right describes a transmitted particle will have the form:

<U) — ceilkatAs)ztikyy+ik:z (UO) (A.40)
v Vo
R
with
2 — |[Al2
Ao — —va (A1)
and

——— 1

L[} _ /PIAP]E
A~ ]
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If we consider that a = %, a describes the process when a particle is reflected as a

hole from a spatially non uniform gap.

If the energy is € < |Al, the wave function on the right is:

(U> — ceilhatXs)atikyy+ik.z <U~0) (A.42)
v) g Vo
where

~ 2 _ (A2

fo = YE—IAP (A.43)

hu,,
and
a= %g la]* =1

the Andreev reflection is complete since there are no transmitted particles.

Is(¢) can be written in terms of the occupied Andreev bound states energies €,:

€n

9,

Where the Andreev levels within the energy gap region directly depend on the en-
ergy gap A and the trasparency of the barrier [26] [1].
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