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Introduction

In nature, generally, we can recognize two possible levels at which a physical
phenomenon can manifest itself: firstly, at the macroscopic scale, where the
observer’s eye can more or less directly perceive it, and secondly from a mi-
croscopic point of view. This second level, although much more challenging
to deal with, provides the elements to describe the mechanisms underlying
macroscopic phenomena. Superconductivity and ferromagnetism are both
examples of phenomena where the macroscopic behavior is a clear mani-
festation of the quantum mechanical nature of the state characterizing the
system. They both correspond to ordered phases with a spontaneously bro-
ken symmetry, however there is a fundamental difference between these two
states. Indeed, while according to the Bardeen, Cooper, and Schrieffer (BCS)
model [1-3] the usual singlet superconductivity favors the arrangement of
electrons in Cooper pairs with opposite spins, the ferromagnetic exchange
field tends to align the spins of the pairs, thus destroying the latter. These
competing mechanisms lead to the so-called paramagnetic pair breaking ef-
fect [4-12].

After the advent of the BCS theory in 1957 it became evident that, due to
their conflicting nature, the interplay between superconductivity and ferro-
magnetism could hardly be observed in bulk systems. However, the study of
hybrid structures consisting of superconducting and non-superconducting el-
ements in contact with each other, started a few years later [13,14], provided
the evidence that a sort of coexistence of these two primary macroscopic
quantum phenomena may be realized in layered superconductor /ferromagnet
(S/F) structures [15-19]. In this context, it was immediately evident that
the interplay between these two quantum processes could have paved the way
for the study of a series of new physical phenomena until then considered
quite exotic.

Recently, the growing appeal in quantum technologies and their employment
for the realization of new innovative devices, has renovated the interest in the
so called prozimity effect arising at interfaces between superconducting and
normal materials characterizing such heterostructures and in the coherence
mechanisms occurring on a mesoscopic scale, which have been theoretically
and experimentally more extensively studied [15,17,19-25].

Proximitized S/F systems, which allow to artificially reproduce the coexis-
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tence of superconductivity and ferromagnetism, offer a unique opportunity
to study and analyze the effects of their interplay. The exchange field, induc-
ing pair breaking for the Cooper pairs, produces additional oscillations of the
superconducting order parameter induced in the F region, in analogy with
the so-called FFLO state [26,27]. Among the consequences of the presence
of the magnetization at the interface of the superconductor we can mention
that the Josephson effect in SFS junctions is modified and can exhibit two
different states, denoted as 0 and 7 [15,17,19,28], depending on the thickness
(length) of the ferromagnetic barrier and on the magnitude of the exchange
field [29-35|. Interest in such an effect began to grow when it was shown that
these peculiar features may be exploited to design superconducting circuits
and quantum computing devices [36-40].

Furthermore, the observation of interaction between conventional supercon-
ductivity and ferromagnetism in S/F heterostructures led to another key
discovery: the existence of unconventional superconducting correlations in
a triplet state [15,17,19,41-43|. In particular, it has been shown that if
the exchange field is homogeneous, the superconducting condensate consists
of only two components: the usual singlet one (|1} — 1)) and the triplet
component (|1 + J1)) with total zero spin projection with respect to the
magnetization axis of the F layer [15,19]. However, these superconducting
correlations are short-ranged because, due to the paramagnetic pair-breaking
effect, the exchange field tends to align the spins of Cooper pairs, thus de-
stroying them. This implies that the Cooper pairs can survive in the ferro-
magnet only within a small region close to the interface. Thus, for obvious
reasons, this short-range proximity effect results to be not particularly ap-
pealing for the development of applications.

Nevertheless, the scenario described above is only part of the story because,
under particular conditions, it is possible to observe the formation of spin-
triplet long-range pairing correlations. These latter, are no longer affected
by the exchange-energy breaking and can survive longer inside the ferromag-
net, since the singlet Cooper pairs can be converted into the triplet state in
which the spins are aligned parallel, namely |11) or [|{|). Specifically, it
is now known that these equal spin-triplet correlations are triggered by the
presence of inhomogeneous magnetization or spin-mixing effects occurring at
interfaces |21,44-47]. The theoretical prediction of this long-range proxim-
ity effect was subsequently also accompanied by experimental confirmations
from various groups [48-55]. The main purpose of the research in this field
is the creation and control of such long-range superconducting triplet cor-
relations in hybrid structures with the ultimate goal of using polarized spin
supercurrents for the development of new types of devices that combine the
features of superconductivity and spintronics. Therefore, the comprehension
of the physics that underpins the triplet generation process is of fundamental
interest.
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Motivation and outline of the thesis

Although the special features of SFS junctions have been extensively stud-
ied [15,17,19,47,56,57], much less is known when the ferromagnetic layer is
insulating. This strongly motivated us to focus on these kinds of systems,
presenting, in this thesis, an analysis of the proximity effect and transport
phenomena occurring in ferromagnetic insulator Josephson junctions (SFIS
JJs). One remarkable feature to consider is that, even if SFIS junctions
have similar properties to SF'S systems, they exhibit a reduced quasiparticle
current, which is responsible for the intrinsic dissipation due to the coupling
with the environment [58,59|, affecting the dynamic properties of the junc-
tion and representing one of the drawbacks of SFS JJs based devices. On
the contrary, due to the insulating nature of the ferromagnetic barrier, SFIS
JJs exhibit longer decoherence times when implemented in quantum circuits,
placing such systems in an interesting perspective for the realization of low-
dissipative devices [60-65].

These advantageous features explain the growing strong interest in SFIS
junctions, giving rise to several theoretical and experimental studies con-
ducted on these systems [62,63,66-69].

In this work, we examine an unconventional kind of proximity effect due to
the interplay between superconductivity and the combined presence of the
exchange field, spin-orbit coupling (SOC), and nonmagnetic impurities in the
FI barrier. The analysis of such systems requires a clear understanding of
mechanisms underlying the modifications of the superconducting state prop-
erties near the S/FI interface, offering a rich scenario of phenomena that
make these devices both experimentally and theoretically very attractive.
As of today, JJs constitute one of the elementary building blocks in quan-
tum electronics field; conventional (non-ferromagnetic) JJs are able to carry
a dissipationless current I(¢) = I.sin ¢, which is defined by the critical cur-
rent I. and the phase difference ¢ between the wave functions describing the
superconducting electrodes [70,71]. These are called 0 JJs, since here the
ground state occurs at ¢ = 0, for I. > 0. When the barrier is a ferromagnet,
the current-phase relation may be shifted by 7 to I (¢) = |I.|sin (¢ + 7) =
—|I.| sin (¢) [15,17,19,28]. These junctions, to which corresponds a negative
critical current I. < 0, are called 7 junctions.

In particular, for applications, there is a strong demand for the 7 junctions,
which are considered to be very promising ingredients to engineer spintronics
and quantum computing devices.

As an example, phase controllable 0-7 junctions have immediate applications
in cryogenic memory [72-75], opening up new possibilities for superconduct-
ing circuit elements. Furthermore, there are other possible implementations
that benefit from the use of fixed-phase 7 JJs [64,76, 77|, as their integra-
tion in quantum circuits for the realization of superconducting qubits, quite
promising in view of the increased robustness against noise and electromag-



netic interference induced by magnetic field sources and a more compact and
simple design, opening the way to scalable devices [39,40, 78-81].

Mindful of these encouraging perspectives, various works demonstrated the
possibility of realizing 7 junctions also in SFIS JJs [69,82], getting the ben-
efits deriving from the insulating regime of the ferromagnetic barrier.

It is in this promising scenario offered by « JJs that the first part of the work
developed in this thesis is placed. We present, in fact, a theoretical study
focused on the search for possible alternative ways to control the realization
and switching of 0 and 7 states in SFIS JJs. In particular, here we show
that the state of a SFIS JJ can be toggled between 0 and 7 by using SOC
and nonmagnetic impurities as driving elements to switch between these two
phases. The main strength of our procedure consists in the possibility of con-
trolling the occurrence of 0-7 transitions in SFIS JJs, through a direct action
on the thermal behavior of the critical current, I.(T"), rather than resorting
to traditional and well-known ways, such as the tuning of the exchange field
of the barrier to drive the 0-7 switching [68], that requires experimental pro-
cedures not so easily manageable.

Secondly, in this work, we focus on another peculiar characteristic, which
allows us to analyze the singular properties of these systems from a differ-
ent point of viewing: we examine the presence and possible coexistence of
spin-singlet and triplet pairing correlations induced in the FI barrier. This
second theme is becoming especially relevant since the recent experimen-
tal achievements on NbN/GdN/NbN JJs, in which evidence of spin-triplet
transport has been reported [57,67,83,84]. The valuable property of this
triplet component of the superconducting condensate is that it may create
highly spin-polarized dissipationless supercurrents, which can be exploited
for the emerging field of superconducting spintronics [47, 48, 85-88].

In particular, in the experimental systems studied in Ref. [67], to which we
will apply the theoretical model described in this thesis, the hallmark of spin-
triplet superconductivity seems to be expressed through a peculiar behavior
of the critical current as a function of temperature. Hence, in our analy-
sis, the simulated I.(T") will be the benchmark for the comparison with the
experimental data, allowing us to give a more precise interpretation of the
spin-triplet nature of transport properties characterizing these devices and,
at the same time, highlighting the usefulness, in this framework, of obtaining
information about transport phenomena in the considered system directly by
looking at an experimentally accessible quantity such as the critical current.
In this thesis, we use a two-dimensional (2D) Bogolioubov de Gennes (BdG)
tight-binding model [68,89-91] to describe SFIS JJ. The proximity effect in
such junctions has widely been investigated with quasiclassical approaches
(i.e., Eilenberger equations [15,17,19,92,93|), which are particularly suitable
for systems whose dimensions significantly exceeds the Fermi wavelength A
and the coherence length &; [93].

Otherwise, here, we study tunnel SFIS JJs in the limit of the short junction
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regime, by using an exact solution of the Gor’kov equation. This approach
results to be appropriate, considering that the transport properties of the
system vary considerably when the barrier length changes over a few lat-
tice sites, i.e. the Josephson current experiences an exponential decay while
gradually one moves away from the S/F interface. In contrast to the qua-
siclassical methods, our approach provides a description of the systems on
the scale of the lattice site instead of the coherence length. This model is
well-suited to evaluate site-by-site the current and the superconducting cor-
relation functions and, thus, to obtain the proximity effects between two
different regions.

In particular, the transport properties of the JJ (i.e. the Josephson current
and the induced pairing correlation functions) are derived from the Green’s
function (GF) of the barrier, obtained by using the numerical calculation
method based on the recursive Green’s function (RGF) technique [89-91,94].
The RGF method is a powerful tool to compute transport properties in these
kinds of systems, composed of two leads and a central device. It is very re-
liable and computationally efficient, and allows for the inclusion of several
disorder mechanisms at the microscopic level (such as lattice defects and
irregularities), as well as provides the possibility to deal with finite temper-
ature issues.

The outline of the thesis is then as follows.

We begin the Chapter 1 by making a brief recall of the FFLO state,
which is a relevant example of coexistence of superconductivity and fer-
romagnetism. Then we will proceed by introducing some fundamental key
concepts about the general features of proximity effect starting from S/N case
to arrive at S/F systems, pointing out the main differences and peculiarities.
Among these, we mention the characteristic damped oscillating behavior of
the Cooper pair wave function in the F layer which leads us to the definition
of the 0 and 7 states in SFS JJs. In the last part of this chapter, we will
discuss the possibility of inducing long-range triplet pairing correlations and
on the spin-orbit coupling as possible trigger process of these latter. We will
conclude this section by mentioning that it is possible to study the transport
properties of such systems by using the Green’s functions formalism and,
finally, by discussing the symmetry properties of superconducting pairings.

The Chapter 2 is voted to the presentation of the theoretical framework
used in this thesis. In particular, the first part describes in a general way the
calculation method known as recursive Green’s function (RGF) technique,
employed to study the transport properties of SFIS JJs.

The RGF technique allows us to calculate the GF of the barrier, from which
we derive all the physically relevant quantities of the system under analysis,
reducing the computational cost with respect to the traditional direct inver-
sion of the corresponding matrix Hamiltonian of the system.



Then, we present the theoretical 2D tight-binding model used to describe
our system and how to apply the RGF calculation technique in our situation.

In Chapter 3 we theoretically study the Josephson effect in SFIS JJs by us-
ing the numerical calculation method based on the RGF technique presented
in Chapter 2, where the junction is described by the 2D BdG tight-binding
model. In particular, we analyze the role of SOC and nonmagnetic impuri-
ties and recognize these two ingredients as key mechanisms to drive the 0-m
transition in such devices. By calculating the critical current as a function
of temperature I.(T') and the corresponding current-phase relation (CPR)
I(¢) in the presence of impurities and SOC, we find that while SOC tends
to bring the system toward the 0 state, the impurities, contrary, encourage
it to turn toward the 7 state.

0.02 —
z Vimp =0.025 | d)
= 001b"\_ PN
2 0.01¢~ NPT / ~
L /
x fi NI
¥
0 Il 1 1 L
T T
0 02 04 06 08 1 g oz Jri= e)
= Vipy = 0.250
5 imp
TTe LIS R
g . %
1 | AonPsa i e
“V; ' e ~
_ b 008 1 Il 1 1
Vimp =0.025 | 05 ) 2 3 4 5 6 7
# sites
0
T=005T, — T=0.20T,
0 T=025T, — T=030T, —
/| T=035T, — T=040T, —
Vimp = 0250 0.5 |- T=045T, — T=070T, —
c)
-1t i J
0 05 1
¢/m

Figure 1: Summary of the main results of Chapter 3. I.(T) of SFIS JJ in
the presence of lattice impurities and SOC, for different values of
impurity potential Vi, (a). Calculated CPRs (b, ¢) showing the
switching from 0-7 to 7 regime, by increasing the lattice disorder. (d)
and (e): enhancement of the s-wave spin-triplet correlations, due to
increasing the disorder; f3 is the opposite-spin triplet, f; and f| are
the equal-spin triplets with up and down projection on the
quantization axis (z), respectively.

We show that the compresence of these two competing effects modifies the
I.(T) behavior when increasing the lattice disorder (whose representative pa-
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rameter in the theoretical model is Vjy,p): keeping the SOC strength fixed,
we pass from an I.(T) curve characterized by the typical cusp-minimum
which signals the 0-7 transition temperature, obtained in both the clean and
quasi-clean situations (Fig.1 (a) black and green curves), to curves in which
this minimum is gradually widened, until it is completely no longer visible,
when increasing the disorder strength in the FI barrier (Fig.1 (a) red, blue,
and orange curves). This corresponds to switch from a JJ exhibiting a 0-7
transition to a totally 7 junction, as can be noticed by looking at the corre-
sponding calculated CPR in Figs.1 (b) and (c)).

To complete our analysis, we also study the pairing correlations arising in
these systems. In particular, we observe an enhanced contribution of the
induced spin-triplet superconductivity when increasing the nonmagnetic dis-
order, as illustrated in Figs.1 (d) and (e). For this reason, we recognize these
tunable SFIS JJs as good candidates to host unconventional superconducting
pairing mechanisms and the source of sizable spin-triplet superconductivity.
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Figure 2: Summary of the main results of Chapter 4. Comparison
between experimental (black points) and simulated (red line) I.(T"),
illustrating the plateau-like behavior (a) and a non-monotonic curve
(b) characterized by a non-zero local minimum, pointing toward the
O-7 transition. In (c) and (d) the corresponding calculated s-wave
correlation functions are shown: fj is the spin-singlet, f3 is the
opposite-spin triplet and f; (f}) is the equal-spin triplet with up
(down) projection on the quantization axis (z); all the pairing
components are reported on a log-scale. (e) Effect of the application of
an external magnetic field H on the experimental junctions; (f)
analogy with the simulations obtained by varying the impurities
strength Vip,p.
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In Chapter 4 we apply the theoretical 2D tight-binding model described
in the previous chapters to real NbN-GAN-NbN junctions, experimentally
investigated in a previous work studying the critical current I. as a function
of temperature T' [67].

In this chapter, we focus on studying the induced pairing correlations in
these devices, and their possible connection with the I.(7") behavior.

In particular, we show that an unconventional I.(7") behavior turns out to
be the signature for the coexistence of spin-singlet and spin-triplet super-
conductivity in SFIS junctions, where the respective weight can be analyzed
and parameterized in terms of nonmagnetic disorder and SOC parameters.
We model the I.(T') curves in the whole temperature range, along with the
corresponding current-phase relation (CPR) as a function of the tempera-
ture 7. Specifically, we find that, when the I.(T) curve exhibits a region
in which the I, is constant over a wide range of temperatures, i.e. it shows
a peculiar plateau (see Fig.2 (a)), the competition between the singlet and
triplet pairing amplitudes becomes significant, showing an undoubtedly not
negligible contribution of the equal-spin triplet correlations f4 and f| (Fig.2
(c)). On the contrary, the more the I.(T) exhibits a behavior approaching
the 0-7 regime, presenting a more pronounced local minimum in the I.(7")
curve (Fig.2 (b)), the lower is the relative weight of such equal-spin triplet
components in the corresponding junctions (Fig.2 (d)).

Furthermore, to deepen the analysis of the peculiar transport properties
characterizing these systems, we present a study on the analogy observed
between the response of the experimental samples to the application of an
external weak magnetic field H (Fig.2 (e))), and the role of SOC and impu-
rities in the theoretical model (Fig.2 (f))). In our investigation, we find that
the position in temperature of the minimum of the I.(T') curve represents
an important benchmark relating the 0-7 transition induced by the applied
magnetic field in the experimental systems, to the combined effect of impu-
rities, exchange field fluctuations and spin-orbit coupling in the simulations.
Therefore, this analysis joining together the results of the I.(7") measure-
ments with the outcomes of the microscopic modeling approach, provides
the possibility to describe the combined effect of magnetic inhomogeneities
and disorder in complex barriers, an assay which can be extended to a variety
of hybrid types of JJs.



Chapter 1

Interplay between
ferromagnetism and
superconductivity

After the advent of the BCS theory by Bardeen, Cooper, and Schrieffer
(1957), it became evident that superconductivity in the singlet state could
be destroyed by an exchange mechanism [4-12]. Even though singlet su-
perconductivity and ferromagnetism appear to be mutually exclusive effects
due to the antagonistic nature of these two states of matter, their coexis-
tence may be easily achieved in layered superconductor/ferromagnet (S/F)
systems [15-19|. In this context, the proximity effect artificially allows for the
coexistence of superconductivity and ferromagnetism, and offers a unique op-
portunity to study their interplay. In fact, in such S/F structures, the Cooper
pairs can leak out of the superconductor, inducing superconducting corre-
lations in the adjacent ferromagnetic layer over characteristic length scales
near the interface [15,47]. For this reason, S/F hybrid structures present rich
physics, which makes them both experimentally and theoretically attractive.
This chapter aims to introduce the basics of the proximity effect, starting
from the superconductor/normal metal (S/N) case, to point out the main
differences with respect to S/F structures, on which the discussion will focus.
One of the main peculiarities of such proximitized S/F systems is that the
Cooper pair wave function extending from S to F exhibits a damped oscilla-
tory behavior [15,20,47]. This results in many new effects, which we discuss
in this thesis, as a non-monotonic dependence of the critical temperature
T. of S/F structures on the F layer thickness [95-102], up to the realiza-
tion of the so called 7 state in superconductor/ferromagnet/superconductor
Josephson junctions (SFS JJs) [30,31, 33, 56].

We will begin this chapter by making a brief reference to the superconducting
phase predicted by Larkin and Ovchinnikov [27] and Fulde and Ferrell [26]
in 1964 (the FFLO state), since S/F systems are in some ways analogous to
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1.1. SUPERCONDUCTIVITY INTERACTING WITH FERROMAGNETISM: THE FFLO STATE13

such nonuniform superconducting state, as the physical picture of the prox-
imity effect can be also explained in terms of the FFLO state.

At this stage, we will not use a heavy mathematical formulation to explain
these primary concepts which, however, deserve a brief overview to better
contextualize the work described in this thesis. A more in-depth discussion
on the theoretical framework used for the description of the systems analyzed
in this work will be presented in Chapter 2.

1.1 Superconductivity interacting with ferromag-
netism: the FFLO state

The coexistence between superconductivity and ferromagnetism can be ob-
served in the vicinity of the interface linking a conventional superconductor
with a ferromagnet in S/F bilayers, leading to a strong analogy between the
so called FFLO state and the oscillatory-like proximity effect occurring in
such S/F systems, which we will discuss later. For this reason, a brief recall
of this peculiar state seems appropriate.

In 1964, Fulde and Ferrell [26] and Larkin and Ovchinnikov [27], indepen-
dently of each other, theoretically predicted an unconventional nonuniform
superconducting phase in superconductors under the influence of a strong
uniform magnetic field. This novel superconducting phase is known as FFLO
state. Generally, an applied magnetic field damages superconductivity in two
distinct ways: orbital and paramagnetic pair-breaking effects. The relative
importance of these two effects in the suppression of superconductivity is de-
termined by the so-called Maki parameter ayy = vV2HS/HL [12], where HS
and HZL are the upper critical fields for the orbital and spin pair-breaking
mechanism, respectively. However, a large orbital effect is always detrimen-
tal to the FFLO state [103| and it was shown that the FFLO states may
emerge only if apr > 1, when the orbital effect is weak or absent, and the
Zeeman effect dominates, special situations which have been analyzed and
studied by various experimental and theoretical works [104-109].

In view of this, in the following discussion, we will consider only the pure
Pauli limit, corresponding to the limiting case of infinitely large Maki pa-
rameter, in which the uniform magnetic field acts only on the spins of the
electrons and all orbital effects are neglected.

The FFLO state is identified by finite center-of-mass momentum in the
Cooper pair, causing the superconducting order parameter to oscillate in
real space. The mechanism at the base of the FFLO state formation is the
different splitting of the Fermi momenta of spin-up and spin-down electrons,
due to the presence of the Zeeman field. In the FFLO state electrons with
opposite spin orientation can only stay bound if the Cooper pairs have finite
center-of-mass momenta Q, leading to the formation of a new pairing state
(k T,—k + Q |), instead of the ordinary BCS one (k 1, —k |), as illustrated
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in Fig.1.1.

The finite wave vector Q in the FFLO state gives rise to spatial symme-
try breaking, resulting in a superconducting order parameter oscillating in
space. Fulde and Ferrell suggested an order parameter of the form [104]

A(r) = A1e'QT (1.1)

BCS FFLO

(—kg 1) ) (ke +Q1)

(kg 1) 5 (kr 1)

Figure 1.1: Schematic representation of the Cooper pair formation in the BCS
(left) and FFLO (right) states. On the right, the energy of spin-up
and spin-down electrons is shifted by the exchange field. Here, due
to Zeeman splitting, the Fermi surfaces for electrons with spin up
and down are represented, respectively, by the orange and violet
circle.

where the amplitude of the superconducting order parameter is homoge-
neous, but the phase changes in real space over position r. However, the two

+1Qr represent degenerate superconducting states for a given Q.
+iQ-r

solutions e
This degeneracy can be lifted by considering linear combinations of e
that is the state originally proposed by Larkin and Ovchinnikov [104]

Alr) = A (eiQ'r + e*iQ'r) — 27 cos(Q 1) . (1.2)

Generally, the order parameter is characterized by more than two equivalent
Q wave vectors, then it can be expressed by a linear combination of terms
with different Cooper pair momenta, as [47, 104]

Appro(r) = Z AT (1.3)
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where v denotes the number of equivalent Q-vectors.

The occurrence of the FFLO state requires very stringent conditions on the
superconducting materials; in addition to a weaker orbital pair breaking
effect with respect to the Zeeman splitting, so that superconductivity sur-
vives up to the Pauli limit, the superconductor must be in the clean limit
because it is known today that the FFLO state is very sensitive to disor-
der [110,111]. Very few superconductors fulfill these necessary conditions
for the FFLO state, justifying why it is rather difficult to observe such a
phase in superconductors. Interesting candidates are quasi-2D superconduc-
tors when magnetic field is applied parallel to the superconducting planes.
The theoretical treatment of these kinds of systems has been developed in
different relevant works [107,112-114].

In conclusion, here we wanted to highlight that, as we will see in the next sec-
tions, the same physics is at the origin of the oscillatory-like proximity effect
near S/F interfaces, where the induced FFLO-like state leads to oscillation
in space of the pair amplitude in the ferromagnetic region, resulting in many
interesting phenomena observed in these systems (e.g. 0-7 transitions) [15].

1.2 Proximity effect

Let us now discuss what happens when a superconductor S is placed in con-
tact with a normal metal N. In this case, it is possible to observe that the
superconductor modifies the behavior of the electrons in the normal region.
Indeed, the adjacent metal starts exhibiting superconducting properties near
the interface, induced over mesoscopic distances governed by the normal co-
herence length {x = vp /27T for a perfect (clean) N layer (or {éy = \/D/27T
in the dirty case, where D is the diffusion constant of the normal metal). The
leakage of the Cooper pairs from S into N is called prozimity effect. A sketch
of the behavior of the induced superconducting order parameter at an S/N
interface is shown in Fig.1.3 (a). At the same time, on the superconductor
side, in the vicinity of the interface, the order parameter is depleted within
a region equal to the coherence length of the superconductor {g = vps/27T,
(or & = y/Dg/2n T, in dirty regime); this phenomenon is known as inverse
proximity effect [15].

The proximity effect in S/N structures can be explained on a microscopic
level through the Andreev reflection process [115-118], which plays a primary
role for the understanding of quantum transport properties of S/N systems.
Let us consider an electron of energy e from the normal metal propagating
toward the superconductor, as illustrated in Fig.1.2 (a). The normal metal
that is next to the superconductor has electrons filled up to the Fermi level.
Electrons in the N part with an excitation energy below the superconduct-
ing gap (¢ < A) cannot cross the interface, since no single-particle states
are available in the superconductor below the gap. Thus, electrons can pass
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from N to S only if their energy e exceeds the superconducting gap A above
the Fermi level. However, another interesting scenario is possible. In 1964
the Russian physicist Alexander F. Andreev [115] showed that an electron
with energy lower than the superconducting gap can cross the interface and
then be reflected as a hole (see Fig.1.2 (a)), experiencing the so called An-
dreev reflection. The corresponding charge 2e is transferred throughout the
interface and becomes a Cooper pair on the superconducting side. This sce-
nario also works for the opposite situation, namely when an incident hole
from the N side is reflected as an electron, breaking a Cooper pair in the
superconductor and transferring the charge 2e across the interface and into
the normal metal. The Andreev reflection process conserves energy, spin and
(approximately, when A < Ef) momentum.

b)
incoming
S /ﬁliffgf N lectron S
P T o—i .
@ reflected @
€ hole —>
R \_\_‘O T 2e

Figure 1.2: (a): Schematic representation of the Andreev reflection at S/N
interface. The curves represent the electrons (blue balls) and holes
(white balls) dispersion at the Fermi surface; the arrows indicate the
direction of propagation. Contrary to electron 1, electron 4 can
directly enter the superconductor, since ¢ > A. However, 1 can
either be reflected as electron (3), or Andreev-reflected as a hole (2)
with opposite velocity; simultaneously a Cooper pair is created in S.
(b) Andreev bound states in SNS system.

Then, the essence of the proximity effect can be summarized as follows: the
Andreev reflection induces a coherent superposition of electron and hole in
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N, thus creating superconducting correlations in the normal metal. Hence,
the coherence length basically measures the distance from the interface up to
which the phases of the induced superconducting correlations stay coherent.
Additionally, Andreev bound states appear and generate a Josephson effect
when the metallic layer is interposed between two superconductors (SNS
junctions, as in Fig.1.2 (b)), producing a flowing Josephson current through
the system [117,119-122].

S N

a)
v @
- N
$n
S F
b)
v
N
$1f

Figure 1.3: Schematic picture of proximity effect which shows the behavior of
the superconducting order parameter ¥ at (a) S/N and (b) S/F
interfaces.

1.2.1 Features of the proximity effect in the presence of fer-
romagnetism

At this point, it is legitimate to ask how the proximity effect changes if a fer-
romagnet is placed next to the superconductor, instead of a normal metal.

Superconducting correlations induced in a ferromagnet differ qualitatively
from those in S/N proximitized systems. In this context, the proximity ef-
fect offers not only the possibility to investigate on the quantum transport



18 CHAPTER 1. INTERPLAY FM-SC

properties in these systems from a microscopic point of view, but it also rep-
resents a unique opportunity to study the interplay between ferromagnetism
and superconductivity.

The BCS theory, which well describes conventional superconductors, tells
us that a Cooper pair consists of two electrons with opposite spins and
momenta. The Cooper pairs leaking from the S side toward an adjacent fer-
romagnet F by proximity effect, feel the exchange interaction which acts on
the spin of electrons forming the pair, producing a Zeeman-split of spin-up
and spin-down bands. Thus, on the one hand, since the two spin bands are
not equally populated due to the exchange splitting, the Andreev scattering
is partially suppressed, inasmuch as an incoming electron can not enter the
condensate if there is no partner of exactly opposite spin and momentum at
given excitation energy, as schematically illustrated in Fig.1.4. Consequently,
this makes the formation of Cooper pairs less efficient. Secondly, by forcing
the spins to be parallel, the exchange field destroys the phase correlation
between the spin-up and spin-down electrons of a singlet pair, suppressing
the superconducting correlations over a coherence length scale shorter than
that characterizing the normal layer.

What happens is that the exchange interaction energetically favors one spin
direction; in particular, the spin-up electron decreases its energy by the
ferromagnetic exchange energy h, while the spin-down electron increases it
by the same amount. Because the total energy is conserved, to compensate
this potential energy variation, spin-up electron increases its kinetic energy
while the spin-down electron decreases it.

As a consequence, the Cooper pair acquires a center of mass momentum
Q = 2h/vp [15,20,47] that produces an oscillation in space of superconduct-
ing pair amplitude in F. A qualitative picture of this effect has been provided
by Demler, Arnold, and Beasley [20], schematically illustrated in Fig.1.5.
Then, considering the case of F layer with homogeneous magnetization,
and supposing for simplicity the one-dimensional situation, at a distance
z from the S/F interface the initial singlet state (1/v/2) (|1)) — [{1)) =
S =0,S, =0) (where S is the total spin of the pair and S, its projection
on the z-axis) obtains a phase multiplier exp(+iQx), depending on the ori-
entation of the electron spin:

00) = (1/V2) ([14) = 1) — [#) = (1/v2) (114 €97 = |11) e79)

= (1/v2) (114) = [44)) cos (Qu) + i (1/V2) (114) + [41)) sin (Q)
(1.4)
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Figure 1.4: Schematic representation of differences between Andreev reflection
at the S/N (a) and S/F interface (b). In the case of S/N interface
(a), the spin bands are equally populated, implying that the
incoming spin-up electron is reflected as a spin-down hole for any
€ < Er, and meanwhile, a Cooper pair is created in the

superconductor. In (b) it is shown that,

in S/F systems, when no

spin-down states are available at certain energies due to exchange
splitting of spin bands, the Andreev reflection of the incoming
spin-up electron may be suppressed and the Cooper pair in S is not

created.

In the above equation, we can notice the analogy with the oscillating in space
FFLO state described previously and defined by Eq.(1.3).
Thus, the second-line in Eq.(1.4) can be decomposed into a spin singlet and

a spin triplet (1/v/2) (|14) 4+ [41)) =[S =1, 5. = 0) pairing state

W) = cos (Qz) |00) + isin (Qx) |10) . (1.5)

Eq.(1.5) shows that the zero triplet component |10) appears automatically in
any S/F system due to the different phase shifts acquired by the spin-up and
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Figure 1.5: Picture of proximity effect in S/F system: Cooper pair going from S
to F acquires a momentum +2Ap = Q = 2h/vp (Adapted from [20]).

spin-down electrons as they propagate in F [47]. Even though this is not
a rigorous calculation, this superposition of singlet and triplet amplitudes
explains the oscillatory behavior of the Cooper pair wave function in the F
layer.

However, in S/F bilayers such oscillation in space of the Cooper pair wave
function is not the only characteristics of the penetration of the supercon-
ducting correlations in the ferromagnet; in fact, the Cooper pair wave func-
tion appears also modulated by an exponential decay with the distance from
the interface. As for the S/N case, also for S/F systems there is a quantita-
tive difference between the decay lengths of clean and diffusive ferromagnets.
The microscopic treatment of this issue is described within the framework
of the quasiclassical theory of superconductivity by the Eilenberger (clean
regime) and Usadel (dirty regime) equations [15,17]. In the dirty limit it can
be derived that the effective coherence length in a ferromagnet is a complex
function §; = &1 +i&a, with the consequence that the decay and oscillation
of the superconducting order parameter in F are respectively described by

the length scales (1 9)r = [h2+(7rT)D2]1/2:t7rT [30], where D = vp{/3 is the

diffusion constant depending on the Fermi velocity vp and the mean free
path ¢ in the F layer [123,124]. Then, the Cooper pair wave function takes

the form
U ~ exp <_;fl> cos <§2) . (1.6)
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In particular, in real ferromagnets (i.e. classical ferromagnets as Fe, Co,
Ni) the exchange field is large compared with the superconducting critical
temperature (h > T,) and one can find that &5 = &y exactly coincide,

h
On the other hand, in the case of a clean ferromagnet, the characteristic

decay and oscillation lengths of the superconducting correlations are not
coinciding. As directly follows from the Eilenberger equations [15,17], the
coherence length is still a complex function but here the decay and oscillating
lengths are respectively defined as & = vp/27T and & = vp/2h. In this
case, the Cooper pair wave function takes the form [15]

1 x . T
U~ - €XP <_§1f> sin <§2f> . (1.7)

The schematic behavior of the superconducting order parameter at S/F in-
terfaces is depicted in Fig.1.3 (b).

ID
leading to a unique characteristic length scale defined by §r = 4/ —.

1.2.2 Oscillatory behavior of 7, in S/F systems

In S/F bilayers and multilayers, the oscillatory behavior of the superconduct-
ing order parameter induced in ferromagnets may lead to a non-monotonic
dependence of the superconducting transition temperature 7. on the F layer
length (dr) (Fig.1.6(a)). Indeed, when this latter is smaller than the oscil-
lating length, i.e. dr < &f, the Cooper pair wave function in F changes
slightly and is similar to the superconducting order parameter in the adjacent
S layer. This corresponds to a zero phase in the wave function describing
the superconducting order parameter in the S layer in S/F multilayer struc-
tures, and we call this state the "0" phase (Fig.1.6(b)). On the other hand,
when dp ~ &y the Cooper pair wave function may cross the zero at the
center of the F layer and change the sign, producing a 7 shift of the phase of
the superconducting order parameter in the neighboring S layer; we call this
state the "7m" phase (Fig.1.6(c)). Then, by increasing the F layer thickness,
it is possible to induce subsequent switching between 0 and 7 phases, leading
to a non-monotonic dependence of the critical temperature on the F layer
thickness T¢. (dr). This oscillatory-type dependence of T, (dr) was first the-
oretically predicted [95,96] and then also experimentally observed [97-102].
However, experiments on 7T,(dr) behavior in S/F systems were not initially
so conclusive; indeed, although the non-monotonic oscillation behavior of
T.(dr) was eperimentally observed in various works, negative results was
also reported [126,127|. Furthermore, in the original theory of the proximity
effect proposed by Buzdin et al. [95,96] itself, the transitions between 0 and
7 phases in S/F bilayers are considered not possible in the presence of a
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Figure 1.6: (a): Experimental data reported in [97] showing the oscillation of Tt
of Nb/Gd multilayers vs thickness of Gd layer dgq for a fixed value
of Nb layer. Schematic representation of the behavior of the Cooper
pair wave function in the 0 phase (b) and 7 phase (c¢) The z axis is
chosen perpendicular to the planes of the S and F layers with
thicknesses 2ds and 2dy, respectively. The Cooper pair wave
function in the 7 phase vanishes at the center of the F layers and
U(z) is antisymmetric toward the center of the F layer [15]. (d):
Critical temperature of Nb/Cug.43Nig 57 bilayer as a function of the
F layer thickness [125].

single S layer. All these issues led to a lack of agreement between theory
and experiments, revealing the different and sometimes controversial behav-
ior of T,.(dF) in the various structures. In light of this, for the interpretation
of both theoretical and experimental results, other mechanisms have been
suggested to take into account, as the interference between the normal quasi-
particle reflection at the free boundary of F layer and Andreev reflection at
S/F interface [22,125,128,129], due to the comparability between dp and &a5
in such systems; the effect of a finite interface transparency [127], spin-flip
scattering [20,130], and others.

1.2.3 Formation of the 7 state

The fact that, as we have seen in the previous section, in S/F multilayers
transitions from 0 to w phase may occur, has an interesting implication.
Indeed, this allows us to extend the discussion to the case of ferromagnetic
Josephson junctions (SFS JJ), thus providing the possibility to have an equi-
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librium phase difference between the two superconducting electrodes not only
of zero but, under particular circumstances, also of .

Then, it is natural to call these latter junctions 7 JJs, to distinguish them
from the conventional 0 JJs.

This effect was predicted in 1977 by Bulaevskii et al. [112] who discussed
the tunneling through a JJs with an insulating barrier in the presence of
magnetic impurities.
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Figure 1.7: (a): Temperature dependence of the critical current density j.(7) for
Nb/Cug.47Nig53/Nb junctions for various dp. In the middle panels,
the cusp indicates the temperature-driven 7-0 and O-7 transitions.
(b): jc(dr) dependence for Nb/Cug.47Nig.53/Nb junctions at
T = 42K [31].

The supercurrent flowing across a JJ is usually described by the sinusoidal
current-phase relation I(¢) = I.sin ¢, where I is the Josephson critical cur-
rent and ¢ is the superconducting phase difference across the junction. Cor-
Dl

(1 — cos ¢)

2m
[70,71], where ® is the superconducting flux quantum. For conventional JJs

(0 JJs), I. > 0 and the minimum energy is achieved at ¢ = 0. Conversely,
for the 7 junction, the critical current is negative (I. < 0) and ¢ = 7 corre-
sponds to the ground state energy. In this case, the current-phase relation
is modified to: I (¢) = |I.|sin (¢ + m) = —|I.|sin (¢), in terms of the magni-
tude of the critical current |I|.

Then, the transition from the 0 to the 7 state results in a sign change of the
critical current. For this reason, measurements of the I. in SFS JJs may be
adequate to reveal the O-7 transition. Indeed the temperature dependence

respondingly, the associated Josephson energy reads: Ej =
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of the oscillation length of the superconducting order parameter in the F
layer is also the origin of the anomalous behavior of the critical current 1.
as a function of temperature, as can be seen in Fig.1.7(a)), where the 0-7
crossover is identified by the presence of a peculiar cusp in the I. (T) curve
at the transition temperature.

In this respect, the first unambiguous experimental confirmation of the 0-
7 transition in SFS JJs via critical current measurements was provided by
Ryazanov and coworkers [30,31], and subsequently these results have been
confirmed in other experimental works [32]. Later works have also stud-
ied oscillations induced by a variation of the F layer thickness dr. Indeed,
these systems exhibit a non-monotonic behavior of the critical current 1.
as a function of dp, where the vanishing of I, signals the transition from
the 0 to the 7 state (Fig.1.7(b)). The current through a SFS JJ was first
calculated by Buzdin et al. [33,56], who evaluated the critical current as a
function of the F layer thickness dp for different transparencies at the left
and right S/F interfaces, by solving the Usadel equations in the dirty limit
near the transition temperature T,.. In particular they found the expression
for the critical current as a function of dr in the limits of completely and
low transparent interfaces. They also calculated the I.(dp) behavior in a
more realistic situation, closer to real experimental systems, considering one
S/F boundary with a low transparency interface while the other interface
quite transparent, generalizing the results for the case of superconducting
electrodes with different gaps and diffusion constants. Then, several other
experiments confirmed the theoretical predictions 34,35, 131].

We will not derive in detail the appearance of the 7 state in SFS junctions,
for which a complete theoretical description is provided within the quasi-
classical formalism [15,17,56]. However, as discussed in the next chapters,
we will draw attention to the role that 7 and 0 — 7 junctions may have in
different scenarios, due to their applicability as architectural elements for the
improvement of nanostructures and the realization of new types of devices.

1.3 Long-range proximity effect

In any S/F system, when the magnetization in the F layer is homogeneous,
triplet correlations between electrons of opposite spins are created (Eq.(1.5)).
In particular, these opposite spin-triplet correlations, together with the spin
singlet ones, get dephased by the presence of the exchange field and are sup-
pressed with distance from S/F interface, on a length scale given by h/A
in the clean regime, and exponentially in diffusive structures on the length
scale & = \/D/h, where h is the ferromagnetic exchange energy. For this
reason, they are called short-range pairing correlations.

However, the possible scenarios offered by S/F systems are not limited to
a such short range proximity. In the first decade of the 2000s, several the-
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Figure 1.8: SF'F trilayer considered for the explanation of LRTC formation.
The two ferromagnetic layers have different orientation of their
magnetization: F’ is magnetized along an axis in the x-z plane at an
angle # measured from the z-axis, while F is magnetized along the
z-axis.

oretical works predicted the appearance of spin-triplet pair correlations in
S/F systems in the presence of magnetic inhomogeneities as, for example,
non-collinear magnetizations in different parts of ferromagnetic multilayers
structures [21,44-47|. In particular, such superconducting pairing correla-
tions, characterized by triplet amplitudes with a spin projection S, = +1 on
the quantization axis of the ferromagnet, are called equal-spin correlations
(|11) = 1), |1 —1) = |}4)). For this reason, they are not subject to the
exchange field in F, because both electrons of the pair have the same spin.
Hence, they may persist over long distances in F and decay in ferromag-
net on the same length scale as in normal metals &y, thus, giving rise to
a long-range proximity effect. This latter, was subsequently also observed
experimentally by various groups [48-55].

To give an explanation of how such long-range spin-triplet components
can be obtained, let us consider adding a second ferromagnetic layer (F’) to
the structure (i.e. SF'F trilayer illustrated in Fig.1.8), whose magnetization
axis is non-collinear with that of the first one (F). In particular, we suppose
that F’ is magnetized along an axis in the z-z plane at an angle § measured
from the z-axis in spin space, and F is magnetized along the z-axis. As we
have seen in Eq.(1.5), when the singlet Cooper pair leaks in F'| it trans-
forms as a mixture of singlet and opposite-spin triplet amplitudes, where

00)g = (J5) (/70 = 1A and 10}y = (J5) (1) + 1 A)) are the
states projected onto the spin quantization axis in F’, defined by the versor
n = cos(f)e, + sin(f)e,. Then, the superconducting correlations further
leak in F where the magnetization is along the z-axis, thus we project the
pairing states on e,, by using the following transformation formulas for basis
vectors [47]



26 CHAPTER 1. INTERPLAY FM-SC

7) = cos (g) 1) + sin (g) )

) = cos <Z> [}) — sin <z> ).

These projected states can be used to obtain the following transformation
for pair amplitudes

(1.8)

100), —> |00) (1.9)

10}, — cos(®) 10} ~ (=) sin®) 1) ~ )]

V2

finding that while the singlet state |00), is invariant under a rotation in spin
space since it has a zero total spin (S = 0), the zero projection triplet state
in the rotated 6-basis |10), produces a non-zero projection triplet state with
aligned spins in the z-basis (|11) and [{{) terms in (1.9)). Thus, F’ creates
opposite spin triplet pairs in the 6-basis which will be equal spin triplets in
F, when viewed with respect to the z-axis.

Therefore, by susbtituting Egs.(1.9) in Eq.(1.5) we obtain the final state |¥)
in the rotated spin frame

1) = 08 (Q2) 00) + sin (o) feos(#) 10) ~ (= ) sn®) 1) ~ L]}
(1.10)

Thus, magnetic inhomogeneities mix singlet and triplet pair components at
interfaces and create long-range triplet correlations (LRTC) in ferromagnetic
proximitized structures. This is realizable, non only by considering two ferro-
magnetic layers with misaligned magnetic fields, as mentioned here, but also,
for example, in the presence of magnetic domain walls near the interfaces
on a length scale given by the magnetic length [15,21], or interfaces with
magnetic disorder [42,132]. Another option is given by a single ferromag-
net with a nonhomogenous exchange field [133], or a time-varying exchange
field [134]. Finally, as we will discuss in the next paragraph, there exist
theoretical proposals to use SOC as a substitute for inhomogeneous magne-
tization to generate LRT'C in such systems, since spin-orbit interaction leads
to a mixing of the spin channels.

1.3.1 Spin-orbit coupling as a source of long-range supercon-
ducting pairings



1.3. LONG-RANGE PROXIMITY EFFECT 27

|f1/AfBcs

i
0

.. » gy (gl

o5
z/L

] 01 02 03 04

Figure 1.9: (a): Spatial dependence of all pairing amplitudes for the S/F system
shown in the inset. fs and fll are the zero-spin singlet and triplet
components, while f1 is the triplet long-range component. The
exchange field in F is homogeneous and points in the z direction,
while a fully isotropic SOC is assumed in F (from [135]). In (b-e) are
shown the different geometries discussed in [135].

As we have seen, the presence of magnetic inhomogeneities creates equal-spin
triplet pairing correlations with non-zero spin projection with respect to the
magnetization axis of the ferromagnetic layer.

However, this is not the only way to obtain such LRTC, as various works
illustrated that, in the clean regime [136-139|, spin-orbit coupling (SOC)
is an alternative source of the LRTC besides the magnetic inhomogeneities
studied in the past. Furthermore, Bergeret and Tokatly [135, 140] showed
that SOC of Rashba [141] and Dresselhaus [142] type satisfies the condition
of all triplet projections also in the diffusive (dirty) limit.

Physically, the generation of long-range pairing correlations can be viewed
as a rotation of the triplet component of the superconducting condensate
in S/F hybrid structures in the presence of SOC, leading to components f~
perpendicular to the original one (as illustrated in Fig.1.9 (a)), which restore
the long-range decay behavior of the induced Cooper pair wave function.
By using the quasiclassical equations including the effect of the spin-orbit
field, they predicted the appearance of LRTC in a variety of diffusive hy-
brid S/F structures in which SOC is present (Figs.1.9 (b-e)). Furthermore,
discussing the condition for the singlet-triplet conversion, they also demon-
strated the equivalence in the creation of LRTC of the role played by the
inhomogeneous magnetization, and SOC under the presence of an homoge-
neous exchange field. In particular, this analogy provides a useful tool for
designing experimental setups and studying novel combinations of materi-
als for the manipulation of the triplet component in hybrid superconducting
structures, suggesting a possible way to control the spin in S/F heterostruc-
tures in the presence of SOC, particularly attractive for the development of
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new technological devices in the field of spintronics.

In particular, in this thesis, this last-mentioned appealing purpose encour-
aged us to focus our study on ferromagnetic-insulator Josephson junctions
(SFIS JJs) characterized by an intrinsic SOC as a generator of long-range
supercurrents, besides regarding SOC as a useful tool for driving the evolu-
tion of the I.(T) of SFIS JJs from O-7 to 0 regime, as we will see in detail
in Chapter 3.

1.4 The Green’s functions formalism to describe
transport properties of hybrid systems

In order to efficiently describe transport phenomena and, therefore, the mo-
tion of electrons and holes in such hybrid heterostructures, in this work we
choose to use the formalism based on Green’s functions (GFs). The for-
mulation of the BCS theory in terms of GFs derived by Gor’kov [149] rep-
resents an efficient way to study proximity systems. As a matter of fact,
GFs include the proper information allowing to directly obtain from them
the relevant physical quantities of interest, such as currents and density of
states |94, 150]. Since the superconducting state somehow mixes electrons
and holes, such Green’s functions not only describe these latter but, more
generally, by introducing the Nambu (particle-hole) space and spin space,
also quasiparticles and spin correlations can be depicted. Then, it is natu-
ral to introduce two-component field operators in real space, called Nambu
operators [120]

)= (M) e = (s we) .

where W (r) annihilates electron at position r, whereas W (r) creates elec-
tron at position r. At this point, we can define the Nambu-Gor’kov Green’s
Sfunction

G (r,t, 7' t) = —i(T(¥ (r,t) vl (v, 1)) (1.12)

where 7 is the time-ordering operator and the brackets < > denote the ther-
mal average <O> =1Tr (e_H/(kBT)O) (where H is the Hamiltonian of the
system).

The GF in Eq.(1.12) takes the form of a 2 x 2 matrix in the particle-hole
(Nambu) space:

(1.13)

% ron |Gt R
G(r,t,r,t)—[_F2 G2:|
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where its elements are respectively

G1 =G (rt,r", 1) = —i(T <1/f¢ (r,t) ] (7"775'))% (1.14)
Gy = G, (o0 ) = =i(T (] (r, ) vy, (7,1))), (115)
Fy = Fyy (v, 6,7 8) = =i(T (¢4 (r,8) 4y (v',1))), (1.16)
By = Fy (rot,v" ) = =i(T (v] (r.) ] (,0))) (1.17)

The diagonal elements of G matrix in Eq.(1.13), G and G*, represent respec-
tively the particle-particle and the hole-hole propagator and they are called
normal Green’s functions. The off-diagonal elements F' and F, instead, rep-
resent respectively the particle-hole and the hole-particle propagators and
they are called anomalous Green’s functions. Hence, the anomalous GFs de-
scribe the superconducting condensate, thus the pairing correlations.

In the presence of exchange field or other interactions that provide spin mix-
ing effects, e.g. spin-orbit coupling, the GFs G and F' in the Nambu-Gor’kov
matrix (Eq.1.13)) become non trivial 2 x 2 matrices in the spin space (that
we indicate as G and F).

In particular, in this thesis, to describe finite temperature properties of con-
sidered systems, we will work with Matsubara GFs. The latter can be ob-
tained by passing to immaginary-time through the transformation ¢ = —it
[120]. Then, by Fourier transforming, one can obtain the GF G, , where
wp, = 7T (2n + 1) are the Matsubara frequencies and T is the temperature.
Therefore, the anomalous GF in Matsubara representation Fwn can be ex-
pressed in terms of the Cooper pairs correlation functions as [90]

3

B, (r,m) =Y fu(r)d,ic (1.18)

v=0

where 6, are the Pauli matrices in the spin space (6o is the 2 x 2 unit
matrix), fo = |00) and f3 = [10) are the amplitudes of singlet and zero-spin
triplet component of the Cooper pairs correlations, respectively, while f;
and fy allow to obtain the spin-aligned triplet components fy = [11) and
fip = [41). Eq.(1.18) can be written in the matrix form as

s (o M\ [ife—=fi f3+fo
F_<fn fu)_[fg—fo ifs+ f1° (1.19)

where, in the left hand side matrix, the spin aligned components appear as
diagonal elements, while the opposite spin components are the off-diagonal
ones.

As we will see, Eq.(1.19) will be used in Chapters 3 and 4 to derive the
superconducting pairing correlations in the analyzed systems.
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1.5 Symmetries of pairing correlations

The wave function of a Cooper pair depends on the position (orbital part),
spin, and time (energy or frequency) coordinate of electrons forming the pair.
Therefore, it can be found that all the superconducting correlations intro-
duced in the previous section can be classified according to their symmetry
properties with respect to all these quantities [41,47,143]. As we will see,
four different symmetry components exist in S/F heterostructures, that may
be comparable in size.

As we said, the pairing correlations in superconductors are described by the
anomalous Green’s function F, which can be expressed as

Fopab(r1, 71,12, 72) = (Tr¥Waa(ri, 71)¥ap(r2, 72)) , (1.20)

where 7; is the time-ordering operator, ri2 and 712 are the spatial and
imaginary-time (in the Matsubara technique) coordinates of the electrons
comprising the Cooper pair, {a,b} denote any orbital degree of freedom,
while {«, #} are spin indices of the two fermions in the correlator. The Pauli
principle requires that this function is overall odd, thus changing its sign
under the exchange of two electrons

Fogap(r1, 71,12, 1) = —Fgapa(ra, 72,11,71) . (1.21)

For homogeneous systems, F' depends only on relative coordinates r = r; —ro
and 7 = 71 — 7 of the electrons forming the pair, therefore it follows:

Fopab(r,7) = —Fpapa(—T,—T7). (1.22)

We can see that, in this particular case, it is possible to express the symmetry
restrictions on the permutation properties in terms of spin (.5), coordinate
parity (P*), orbital index (O), and time coordinate (7™) permutation oper-
ators, respectively as

SFog.ap(r,7)S™! = Faoap(r, 7) (1.23)
P*Fopap(r, )P 1 = Fop ap(—1,7) (1.24)
OFp.ap(r, )01 = Fopgpa(r, 7) (1.25)
T*Fop.ap(t, 7)T* ! = Fopap(r, —7) . (1.26)

The combined action of these operators is referred to as the SPOT rule,
leading to the change in sign in Eq.(1.22) which can symbolically be written
as: SP*OT* = —1 [143|. These symmetry permutation rules were pointed
out for the first time by Berezinskii in 1974 [144].

By Fourier-transforming the relative coordinates in Eq.(1.22) we get
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Faﬁ,ab(pawn) = _F,Ba,ba(_pa _Wn) . (1'27)

For inhomogeneous systems this equation holds for each set of center coor-
dinates.

The symmetry constraints in spin, momentum, and Matsubara frequency
(wn, = (2n + 1)7T), expressed through Eq.(1.27), can be satisfied by four
possible superconducting states (see Fig.1.10), exhausting all possibilities
compatible with the Fermi statistics and Pauli principle:

e Type A: spin singlet, even frequency, even parity
e Type B: spin singlet, odd frequency, odd parity
e Type C: spin triplet, even frequency, odd parity

e Type D: spin triplet, odd frequency, even parity.

Spin Frequency | Momentum Overall] Type
Singlet (odd) | Even Even Sc C@ Odd | A
-t 0dd odd @D % odd | B
D f
t 4| even odd QD dﬁ) odd | ¢
Triplet (even) P f
- 0dd E Odd | D
fit - @ &P

Figure 1.10: Symmetry classification of the pair correlation function; the wavy
lines indicate odd-w states (from [47]).

To better explain this classification, we can notice that the spin part of
Eq.(1.27), which is a matrix in spin space, can be divided into singlet and
triplet functions as [41]

Faﬁ(p7wn) = Fs(pywn)(iay)aﬁ + Ft(pawn) : (Ui0y>aﬁ ) (128)

where o = (0,,0y,0;) is the vector of the three Pauli matrices.

The singlet part is odd under the spin exchange o <— [, while the three
triplets are even. Therefore, in order to satisfy the overall odd symmetry
nature of the pair correlation function, for the singlet state the wave func-
tion is necessarily either symmetric or anti-symmetric in both momentum
and frequency. By contrast, in a triplet state, the wave function is either
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anti-symmetric in momentum and symmetric in frequency (even-w) or sym-
metric in momentum and anti-symmetric in frequency (odd-w).

In reference to the above symmetry type classification, we can remind that
the usual singlet s-wave BCS superconductivity is of type A, while an exam-
ple of type B was introduced by Balatsky and Abrahams in the case of un-
conventional superconductors with singlet odd pairing correlations [145,146];
moreover, type C is represented by the spin-triplet p-wave superfluid state
formed in 3He [147]. Finally, type D was also considered by Berezinskii in
connection with the discovery of the superfluid phase in *He [144].

The appearance of these different symmetry components of the pairing cor-
relations is subject to the local breaking of peculiar symmetry properties in
some spatial regions of the considered systems, e.g. near interfaces, or in the
presence of line defects.

In particular, as we will see in the situation analyzed in this thesis, if both
spin rotational symmetry and parity are broken, e.g. at an interface between
a superconductor and a ferromagnet with SOC, all four types of pair ampli-
tudes are generated at the interface |68, 148|.

The possibility of dealing with different unconventional pairing states sym-
metries continues to be an intriguing field still being explored, especially as
regards the presence of odd-w states, due to their fundamental influence on
both the electromagnetic response and spin properties of such systems, that
may be relevant for possible technological applications.



Chapter 2

RGF technique and model
Hamiltonian

In this thesis, for the description of SFIS JJ we choose to employ a two di-
mensional (2D) tight-binding lattice model, which is appropriate to evaluate
site by site the currents and the induced superconducting pairing correla-
tions due to the proximity effect between different regions.

As anticipated in the previous chapter, the transport properties of the junc-
tion are derived by using the Green’s functions formalism. Then, the Green’s
function describing the whole system is obtained by applying the Recursive
Green’s function (RGF) technique [89,91|. The strong points of the RGF
technique are: (i) it does not require the derivation of the boundary condi-
tions at the various interfaces, which, contrary, sometimes is a thorny issue
in the quasiclassical approaches; (ii) it entails a reduction of the computa-
tional cost of calculation, gaining a factor L? (where L is the length of the
barrier in number of sites) in efficiency with respect to the direct inversion
of corresponding matrix Hamiltonian for the calculation of the barrier GF,
from which we can extract the relevant physical quantities of interest; (iii) it
turns out to be a suitable approach to effortlessly take into account disorder
effects.

The first part of this chapter is voted to the general description of the RGF
technique, which can be usefully applied to systems described by lattice mod-
els, as the case we analyze in this thesis. Then, we will proceed with the
presentation of the 2D tight binding model used to represent SFIS junctions.
In this part we will focus on the explanation of the different interactions in-
cluded in the Hamiltonian of the considered system, such as the presence of
SOC and nonmagnetic lattice impurities. Finally, we will pass to the appli-
cation of the RGF method to our situation, which leads us to the calculation
of the GF of the barrier from which we will derive the Josepshon current and
the superconducting correlation functions.

33
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Figure 2.1: Slices division of the system consisting of two leads and one central
device (sample). The sample is formed by N different sections. The
surface Green’s functions of the two leads are indicated with G& and
Gﬁ, +1- The perturbation 7" couples two neighbor sections (adapted
from [154]).

2.1 RGF technique

The recursive Green’s function (RGF) technique is a well established method
firstly introduced in the study of electronic transport in mesoscopic sys-
tems [151-153]. Moreover, in the last twenty years this calculation technique
has been widely employed to investigate the transport properties of super-
conducting Josephson junctions (JJs) [89-91]. Indeed, the RGF procedure
allows calculating the Green’s function of a "central" device when it is con-
nected to two leads. In particular, as we will see, when dealing with a JJ
the two leads are the superconducting electrodes and the central device is
represented by the barrier.

The RGF method become extremely useful if the device GF cannot be com-
puted from the direct inversion of its Hamiltonian, as, for large systems,
the latter calculation procedure may be seriously expensive from a compu-
tational point of view.

In this section we will explain and describe the general features of the RGF
method. The first step is considering the central device as consisting of dif-
ferent sections, as illustrated in Fig.2.1, whose non-interacting isolated GFs
(GY) can be exactly computed. In order to calculate the interacting GF (G)
of each section, we have to consider their interactions with the other sub-
systems. In this model, the perturbation T" connects only nearest neighbor
sections. Hence, in this schematic representation of the central device, the
section j interacts only with its nearest-neighbors one j + 1 and j — 1.

We can calculate the interacting GF of each section by using a Dyson-like
equation [94,154]

G =G"+G'TG. (2.1)
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This picture can be easily applied to systems described by lattice models,
as illustrated in Fig.2.2 (a). Here, the basic idea is still to break up the
system into independent stripes (labeled by the index j) and then glue them
together by the means of the Eq.(2.1), which allows building the full GF slice
by slice. Starting from the edge of one lead, using Eq.(2.1), one attaches the
first stripe of the central device to the lead by calculating the GF of the
connected system: lead + first stripe. At each step another stripe is added
to the already connected system, until one reconstructs the whole system:
lead-device-lead. In Fig.2.2 (a) the central device is coupled to the left (L)
and right (R) edges. Since T' connects only the section j with its nearest-
neighbors j + 1 and 7 — 1, only the surfaces of the two leads have to be
considered. In Fig.2.2 (b) a sketch of the system divided in single transverse
stripes is shown.

From now on, we will indicate with Gg’ ; the (unperturbed) bare GF of the

left lead G. . right lead GO. .

—I Iii l_ a) ﬂ“ b)

central device l

Figure 2.2: (a) Schematic of the system made up of two leads and one central
device. In (b) the system divided in single stripes. G, i is the GF of
the j-th stripe when connected to the others, while GJ ; indicates
the bare GF of the isolated j-th stripe.

J-th isolated stripe and with G ;- the interacting GF that couples the j-th
stripe with the j’-th one.

Thus, the method requires as input the surface GFs of left and right lead,
defined as Gg and Gﬁ 41, respectively. These GFs are computed separately
and before the recurrence procedure.

Since our goal is to connect each stripe to the two leads, the derivation of
several intermediate recurrence formulas is needed, before obtaining expres-
sions for the whole device GF. Thus, carrying out the recurrence procedure
first from left to right and then from right to left, it is possible to generate
two families of GFs, G]L 7 and Gf ,, describing interacting GFs connected to
the left and right lead, respectively. As final step, these two families are then
joined together to obtain the exact full G of the central device.
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2.1.1 Left Green’s Function

We begin calculating the left GFs. We recall that the rightmost slice of the
left lead is denoted by 0. Then, our goal is to obtain GOL and GL- in order
to describe electron propagation in the sample when the left lead is taken
into account (Fig.2.3).

Therefore, the first step is to incorporate the first slice j = 1 to the left

G'Lovj_l G’O]'} GLOlj
— M | 3
+ %
L1 ) (I}
Gt 0,0 Gt 0,0 GLJ',J'

Figure 2.3: Graphical representation of how to attach the stripe j to the left
lead. The first j — 1 stripes are already connected. In order to
attach the stripe j, we have to calculate Gﬁ ; and G(ﬁ i

lead. In order to simplify the calculations, we define the kets |j) representing
the state of the electron in the stripe j.
Thus, by using the Dyson-like Eq.(2.1), we obtain:

(G 1) = (1 G2 1) + (1| TG 1) =

UG ) +> G5 GIT]) G GH ) = (2:2)
3’

(11G" 1) + (1] G* 1) (1] T'|0) (0] G* [1)

where at the second step we used the completeness relation (Z ;190 Gl = 1).
Here we exploit the fact that 1" couples only nearest-neighbors stripes, i.e.
GIT ") = Ty, 5105,51

It is worth to notice that the left GF of the first stripe GlL’ 1 depends on the
GF that connects it to the left lead G&l. We again use Eq.(2.1) to obtain
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an expression for GOLl.

(0] G* (1) = (0| G°|1) + (0| G*TG* |1) =

O1G° 1) + 301G ) GIT[7) (| 6F ) (23)

= (0] G°10) (0| T'[1) (1] G* [1) .

In the third line of Eq.(2.3) we have taken into account that G° is the un-
perturbed GF of the system divided in isolated stripes, thus it cannot couple
two separated stripes together. Hence, the matrix element (0| G°|1) = 0.
Adopting the more compact notation (j| G*|j') = Gﬁj,, we obtain the fol-
lowing two equations:

G1L,1 = G(1),1 + G(l),lTLOGél,l (2.4)
G§1 = G{Ty G, (2.5)

Therefore, by substitution, we have:
G =G+ GY T oGETH G, (2.6)

which is a self-consistent equation for the GF of the first stripe connected to
the left lead Gfl.
Then, with some algebra, we get

-1
Gi=(I-GY ToGiTo) ~ GY 4, (2.7)

where [ is the identity operator. Notice that this GF takes into account the
coupling of the first stripe with the left lead, but has no information about
the rest of the system or the right lead.

Once calculated Gf 1, we can proceed evaluating the left GF of the second
stripe G2L’2, attaching it to the first one, and so on, until we reach the right
lead.

At this point, it is desirable to derive a more general recursive formula analog
to Eq.(2.7) that is valid for each stripe of the central device.

Assuming that we have just attached the first j — 1 stripes to the left lead,
now we want to connect the j-th stripe to the resulting system.

Applying the Eq.(2.1), we can find a self consistent expression for Gﬁ 4

Gy = (IG" |j) = (I G°15) + (jI G°TG" |j) =
GG 13) + GG 13y GIT 15— 1) G — 1| G [j) =

0 0 o L )
G+ G5 T1G
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where, using again Eq.(2.1), for G]L—l,j we have

Gij=0-1UGH+ G -G —1)(G— 1T (Gl G"|j) =
G T15G

We notice that G?_Lj_l is the GF of j — 1-th stripe, when connected to
the system made up of the left lead and the j — 2 preceding stripes. There-
fore, G?_Lj_l = Gf_m_l and it has memory of the 7 — 2 steps which led to
that point. Thus, we have :

Gl =GY;+G3,T G Tj1;GY (2.8)

]717.7'71 .77.7

Furthermore, we can obtain the generalized recursive formula for the left GF
of the j-th stripe:

L 0 L -1 0
Gij=I-Gy,T;1G7 1 ;1Tj15) G

IE (2.9)

The Eq.(2.9) is accompanied by the equation for the GF which connects the
surface stripe of the left lead with the j-th stripe of the central device.

G(ﬁj = G(ﬁj—lTj—LjGﬁj- (2.10)
2.1.2 Right Green’s Function

~ ~

GRys1) éojj GRyi1j+1
v H o
% + %
t] oy U
GR; GRyrin+t GRyrin+r

Figure 2.4: Graphical representation of how to attach the stripe j to the right
lead. The last N — j stripes are already connected. At this point, we
can repeat the same procedure to attach the j-th stripe to the right
(R) lead, Fig.2.4. In order to attach the stripe j, we have to
calculate ij and Gﬁ,’j.
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Similarly to left case, we start connecting the last stripe j = N to the right
lead, obtaining the following equations

Gﬁf,N = G(])V,N + G?V,NTN,N-HG]I?HLN
(2.11)

R . R R
GNri,y =GN IN+1, NG N -

Once we have attached the N-th stripe to the lead, we can repeat the proce-
dure N — j times, thus obtaining a recursive expression for right GF of the
j-th stripe ij. In this way, it is possible to find for the right GF of the j-th
stripe the general self-consistent equations:

—1
Gl = (I -G TGl ja i) Gy (2.12)

GNi1j = Gy TGl (2.13)

that describe how the j-th stripe is connected to the right lead. It is worth
to notice that ij depends on Gf+1,j+1v which is the GF of the preceding
stripe. The latter has memory of all the preceding stripes from the right

lead to the j 4+ 2-th one.

2.1.3 Full Green’s Function

G 0,j—1 GVOJ'J G N+1,j+1
| 1 Il ¥ |
- % +
L .

GLj—l,j—l GRj+1,j+1

Figure 2.5: Graphical representation of how to attach the left subsystem to the
right subsystem through the stripe j. The first j — 1 stripes and the
last N — j stripes are already connected. In order to reconstruct the
whole connected system, we have to calculate G ;.

Once we arrived at the j-th stripe both from the left and right leads, we can
proceed to obtain the exact full GF of the central device. At this step, we

have already computed the left GF of the j — 1-th stripe (GgL—l,j—l) and the
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right GF of the j + 1-th one (Gfb—i-l,j—i-l)' The system is composed by three
parts:

e the isolated j-th stripe;

e the subsystem composed by the left lead and the first 7 — 1 stripes;

e the subsystem composed by the right lead and the last N — j stripes.

Hence, we have to connect the two parts together through the j-th stripe.
In order to calculate the total GF G of the connected system at the j-th
stripe, we again use the Eq.(2.1), which we project on the state vector |j)
obtaining

Gi; = (|Gli) = (I G°l5) + (j| G°TG |j) =

GG + > GIGO ) (G T ") (5" G i) =

J"g"

GG 1) + GG 1) GIT |5 — 1) (5 — 1| G 5) +

(G1GO13) GIT 1 +1) (G + 1 G3) -
Therefore, for G ; we have:
Gl GO + GO (T5.j1Gj-15 + Tjj41Gjj) - (2.14)

Following the same procedure, we can obtain a recursive formula even for
Gj—1,; and Gj11,;. Let us do the explicit calculations for G;_1 ;:

Gj-15= (7 = UG i) + (j = 1| G°TGj) =

G =GN G T ") (" G i) =

AN

)
(2.15)
(=16 =1 G =T ) (I Glj) =
Gg—1,j—1ijl,jGj,j-
For the system considered, we can notice that G 1j-1= G]L 1,j—1 because

the j — 1-th stripe is connected to the left lead. Thus we have:

Gj_1; =G} 1 ; 1Tj—1,;Gj;. (2.16)
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An analogue equation is valid for G ;:
R
Gj+1j = Giyr 1 Tj41,Gig- (2.17)

By substitution, we can obtain a self-consistent expression for G ; depending
L R
on Gj_4 ;4 and G4y 4y

-1
Gy =1~ G ( Ji= 1GJ Lj— 1+T7J+1G]+1]+1)] G(]]'J (2.18)

The Eq.(2.18) is accompanied by the equations that connect the left and
right leads with the j-th stripe.

Go,;j = Go; 115-1,5Gj; (2.19)

GNt1j = GN+1 g1 l4+1,5Gj (2.20)

Note that to carry out the whole recursive algorithm we need to perform
2N matrix inversions (N for the left GF and N for the right GF). If W is
the number of sites within each stripe of our lattice, the GFs of each stripe
are W x W matrices. Each inversion requires O(W?) operations. Thus, the
complexity of the calculation scales as N x W3 [154]. In this way, we gain
a factor N? in efficiency with respect to the direct inversion of the N x W
Hamiltonian matrix of the central device that, instead, scales as N3 x W3.

2.2 Tight-binding model Hamiltonian

S FI + SOC + impurities S
99000000004
m=20

Figure 2.6: Schematic representation of the SFIS junction geometry with a
ferromagnetic insulator barrier in the presence of SOC and
impurities. The exchange field h is taken parallel to the z-axis, thus
perpendicular to the junction plane (i.e., the zy-plane).
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We start defining the Hamiltonian of the SFIS JJ, modeled by using a two-
dimensional lattice, as illustrated in Fig.2.6, where L is the length of the
ferromagnetic barrier and W is the width of the junction, expressed in units
of lattice sites. Each lattice site position is determined by a couple of indices
(j,m). By defining two unit vectors x and y, we can introduce a vector
r = jX + my which points a lattice site with j = 0,1,...,L,L + 1 and
m =1,...,W. The Hamiltonian of the junction in the Nambu ® spin space
is given by

= Z\PT [A*(r;)') _%(f(’rﬁ/)] v(r'). (2.21)

Although many combinations of particle /hole and spin are possible to express
W and exist in the literature, here we choose the following 4-component spinor
(and its corresponding Hermitian adjoint)

T
() = [0 (), 6y (0,0} @) 0] 0] (2.22)

where wl(r) and 1, (r) are the field operators creating/annihilating an elec-
tron with spin « at lattice point r. Here, the symbols - and 7 describe the
2 x 2 and 4 x 4 matrices in spin and Nambu®spin spaces respectively.

In Eq.(2.21), H is the normal-state Hamiltonian of the junction while A
describes the superconducting pairing potential. The former can be written
as H = ﬁs + fIF[, with ﬁs and fIFI referring to the S leads and FI barrier,
respectively.

In Fig.2.6, the S regions extend for j < 1 and j > L. H, consists in a kinetic
term (i.e. Hy = HEX) that reads:

HE(r,v') ={~ts Orwrix + Orixrr) 50 (2.23)
755 ( rr’+y + 5r+yr ) a'0
(4t8 s) 51' r’UO}
x[©(=j+1)+06( - L)

where ts and ug are the hopping parameter and the chemical potential, re-
spectively, and © is the Heaviside step-function, defined as

O@j) = {(1) j z (1] (2.24)

Here and in the followings, we indicate with o and &, (v = 1,2, 3) the unit
and the Pauli matrices in the spin space, respectively.
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In this work, we take the pairing potential A different from zero only in the
S leads, which, thus, vanishes inside the F barrier. Here, A is of spin-singlet
s-wave symmetry and is expressed as

Afr,v') = Aby pri 69 (2.25)
x [O(=j+ 1) e+ 0 L)en],
where ¢ = ¢, — ¢pr defines the phase difference across the junction and ¢,
(¢r) is the phase in the left (right)-hand side superconductor. In our model,
the order parameter A is constant in the leads and it is not derived from
self-consistent calculations. Further, we assume that there is no disorder in
the superconductors.

Let us now consider the ferromagnetic barrier of the junction. It extends
from j =1 to j = L and its Hamiltonian consists of four terms

Hpp = HE, + HZ9C + HE® + H (2.26)

describing respectively:

e the kinetic part H gl, which includes the chemical potential and the
tight-binding hopping along x and y directions

Hi(r,v') ={—tpr (6r04x + Oraxar) G0 (2.27)
—tr1 (Or a4y + Orty) G0
— (4tp1 — prr) Or G0}
x0({)O(L+1-7),

'750C
HFI

e the Rashba spin-orbit coupling

HZ9C (x,v") = icv [{Gpprix — Orpsrr } 52 (2.28)
B {6r,r’+y - 61""‘}’71'/} 5'1] o (]) © (L +1- j) )

e the Zeeman exchange field I:If,?[

HE(r,v') = —h' - 66,0 () O (L +1—j), (2.29)
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e the on-site random impurity potential ﬁ}, 7

Hip(r,v') = v, 600,000 (5) O (L+1—7) . (2.30)

In the above equations, o is the vector of the Pauli matrices (61, 02,03),
tpr is the hopping integral among nearest-neighbor lattice sites (in the fol-
lowings we omit the subscript FI for simplicity, i.e. we take tp; = t),
prr the Fermi energy, o the amplitude of the spin-orbit interaction, vy
the on-site random impurity potential strength, uniformly distributed in
the range —Vipp < vr < Vipyp. Finally, to represent a more realistic sce-
nario in which the magnetization may be nonuniform in the whole barrier,
the exchange field is assumed to be slightly disordered and is modeled as
h' = h + §,, where d,, are small on-site fluctuations given randomly in the
range —h/10 < 6, < h/10 (along the h-direction).

Moreover, in this work, since the junction plane coincides with the xy-plane,
the exchange field h’ is always taken in the perpendicular direction, h’ = h'z
(along the z-direction).

In our model, the exchange field, the SOC and the impurity potential are
defined only inside the ferromagnetic barrier. As we have seen in the pre-
vious chapter, the first two effects play a salient role in this discussion. In
fact, due to the proximity effect at S/F interface, the presence of uniform
exchange field provides the appearance of the short-range zero-spin triplet
correlations (i.e. |1} + }1)) in the barrier, while SOC induces spin-mixing ef-
fects and enables the LRTC with non-zero projection along the quantization
axis of the ferromagnet (i.e. [11), [J))). The presence of a random on-site
impurity potential is needed if we want to simulate the transport properties
of realistic "dirty" junctions. Indeed, these latter often represent a condition
closer to real experimental systems.

2.2.1 Transport properties of the SFIS JJ

In this context, all the interesting transport properties of the SFIS JJ, such
as the Josephson current flowing through the junction and the induced su-
perconducting correlations, can be derived from the GF of the barrier. Its
Matsubara representation is given by G, (r,r’), where r = jx+my and r’ =
j'x+m'y run over all the possible lattice site indices j,5' = 0,1,..., L, L+1
and m,m' =1,...,W.

The barrier Matsubara GF is, thus, a 4W Lx4W L matrix in the Nambu®spin
space, whose blocks with fixed (r, r’) can be numerically calculated by solv-
ing the Gor’kov equation
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o I%T(r,rl) AA(r,rl)
lzwnmao ;(—A*(r,rl) —H*(I'J‘l))] (2.31)

X G’wn (r1,r') = 79606(r — 1),

where w, = (2n + 1)7T is the fermionic Matsubara frequency and T is the
temperature. Here and in the followings, 7o and 7, (v = 1,2,3) are the
analogous of the unit and Pauli’s matrices in the Nambu space, respectively.
In order to get Gy, (r, ') we solve the Gor’kov Eq.(2.31) by applying the re-
cursive RGF technique [89-91,151-153] as described in the previous section.
Thus we divide the 2D lattice along the x-direction in transverse stripes,
and recursively calculate the GF at each stripe of the barrier, starting from
the two superconducting leads (see Appendix A for more details). Since we
have L sites in the z-direction and W sites in the y-direction, we will have
L stripes whose Hamiltonian and GF will be represented by 4W x 4W ma-
trices.

For this reason, we introduce the GF in Nambu®spin space G j,j of the stripe
j along the z-direction inside the barrier. It is a 4W x 4W matrix, where W
is the number of lattice sites in each stripe. It can be visualized as a 2 x 2
block matrix in the Nambu space, where each block consists in a 2W x 2W
sub-matrix:

/ /

- [R5 O] em
where r = jx + my, r' = jx +m'y with j fixed. The off-diagonal terms of
the matrix in the right-hand side of Eq.(2.32) are the so-called anomalous
Green’s functions Fwn, that describe the superconducting pair correlations.
Notice that, here and in the following expressions, the 'checks’ 7 indicate the
full 4W x 4W matrices in Nambu®spin space, whereas "~ is used for 2W x 2W
matrices in the spin space.
To compute the GF of the whole barrier, we start from the surface GFs of
the two superconducting leads S (which we will discuss in more detail in the
next section), and recursively calculate the GF Gj,j at each stripe j inside
the F barrier by connecting it to the leads with the RGF technique.
The barrier stripes can be connected (to the leads and to each other) by
using the hopping matrices T+, given by

—t Fa 0 0
o -t 0 0 ...

TH=1... ... ... ... .|, (2.33)
0 0 t =+«
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involving the hopping and spin-orbit coupling along the z-direction. Since we
consider nearest-neighbors hopping, only adjacent stripes can be connected
by the TF matrices (i.e. the j-th stripe is linked to the j — 1-th and j + 1-th).

At this point, we can thus specify the RGF method described in the previous
section to our situation. We suppose that the bare Matsubara GF of each
stripe j can be calculated as follows:

G?’j = [iw,1 H0 ] , (2.34)

where H 0 . is the Hamiltonian of the stripe, involving only couplings between

lattice 51tes within the same stripe (i.e. H(r,r) with r = jx + my and
r' = jx +m'y in Eq.(2.21)). Then we have to compute the interacting GF
of the stripe j, Gj’j in Eq.(2.32), which corresponds to the GF when it is
connected to the two leads and to its nearest neighbors (i.e. j—1-th and j+1-
th stripes). We observe that G 4,7 can be numerically computed by the means
of a Dyson-like equation [89,90,152|, starting from the surface GFs of the
superconductors, which are supposed to be known. These latter are defined
as G‘&O(wn) and CVJIL%+17L+1(wn) for the left and right S leads (respectively
with j =0 and j = L+ 1 in Fig.2.6), and can be evaluated by applying the
calculation method used in [89,94].

Thus, by following the procedure illustrated in sec.2.1, we can construct ijj
once the recursive technique is applied both from the left and right directions,
by using GL and GR which describe the stripe 5 when it is connected only
to the left and rlght lead respectively. Therefore, we can rewrite Egs.(2.9),
(2.12) in terms of the Matsubara GFs, obtaining

. L o o ‘
Gﬁj = [iwn] — Hjoj - TJFGijl,jflT ] ,0<5<L (2.35)

GR = [iwa 1 — HO, — =GR, 777 L+1<j<1. (2.36)

The above equations allow to calculate Cv?j,j in Eq.(2.32), inside the barrier
(1 <j < L) by using the formula

= .y - o~ - -1
Gjj = liw,d — H); =TGP\, TH =TGR, T, (2.37)

which is none other than Eq.(2.18) in the Matsubara representation.
Finally, by the relations adapted from Egs.(2.19) and (2.20), we derive the
GFs connecting two adjacent stripes (namely the stripe j with the ones at
j—Tland j+1), Gjjz1 = Gy, (v, £x) and Gj11j = Gy, (r £x,1') with
r=jx+my, r =jx+my
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G =G Ty Gl jos (2.38)
Gjt1,5 = V]+1,]+1 T Gigs (2.39)
Gjj1 =G T VG s (2.40)

(2.41)

Gj15=Gj1;1T1;Gig 241

In particular, the Josephson current, at finite temperature and given position
j in F, can be computed from Eqgs.(2.38) and (2.39), as follows

: e I SR
I(]) = —5TZT7’ [T3T+Gj7j+1 — T3T_Gj+1,j] y (242)

Wn,

where Tr stands for the trace over the Nambu®spin space. In the above
equation, the summation over the Matsubara frequencies is performed.
Furthermore, by taking the off-diagonal elements of @jjj in the right-hand
side of Eq.(2.32), E,, (r,r') with r = r' = jx + my (with j fixed), we can
derive the four pairing components with s-wave symmetry at each stripe j
along the x-direction:

w
% YOS F () => fi(4)ovic, (2.43)

where fy is the spin-singlet component and f, with v = 1,2, 3 are the spin-
triplet components.

Analogous considerations can be applied to the GFs connecting the j-th
stripe with its neighbors j £1 (i.e. Gjjx1, Gjx1j, BEqs.(2.38)-(2.41)), from
which we can calculate the odd-parity pairing functions:

w
ﬁZZFwn(r—l—x,r)—i—Fwn (r,r — x)

wn m=1
A

—F, (r,r+x)—F, (r—x,r)= (2.44)
3
> foi)évisa,
v=0
that give rise to p-wave superconductivity.

Making explicit the term in right hand side of Eqs.(2.43) (Eq.(2.44)), we
can rewrite the s-wave (p-wave) pairing components as
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(2.45)
P it

from which we extract the standard spin correlation functions, fo, f3, fr
(that is fy4) and f) (that is f};).

2.3 Definition of the superconducting surface GFs

As we have mentioned, in order to apply the RGF technique to solve the
Gor’kov Eq.(2.31) inside the barrier, we need to know as input GFs the sur-
face Green’s functions of the superconducting leads. As illustrated in Fig.2.6,
in our system the barrier lies in the interval 1 < j7 < L and the supercon-
ducting leads in the intervals j < 0 and j > L 4+ 1. The left and right edge
stripes are located, respectively, at j = 0 and j = L 4+ 1 and are described
by the surface GFs Goyo(wn) and C?L+1,L+1(wn) [89].

Since we assume that the order parameter is uniform and that there is no
disorder in the superconductors, we "condense" all the semi-infinite two-
dimensional superconducting leads in their edge stripes, thus calculating
their surface GFs. In the following, we illustrate how these latter are calcu-
lated.

We start by considering the surface GFs of the S leads in the Nambu space,
in the absence of exchange field and spin-orbit interaction [89]. Then we will
generalize our results to Nambu & spin space when considering the ferro-
magnetic barrier in the presence of SOC.

Let us indicate with Gk,k/ (wn,0,0) and Gvkvk/ (wn, L +1, L+ 1) the GFs matri-
ces describing the particle propagation between sites k and k’, respectively in
the left and right superconducting lead stripe, with k, & = 1,..., W. There-
fore, by following Ref. [89], the left and right surface GFs have the following
structure in the Nambu space

G (k1) (Wn, 0,0) Zl 0 sm (gmk) sin (gmk')
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o Q9 —iA
—i A Qo

B Z mj(;:_D sin (g, k) sin (qu’) (2.46)

m=1
« Qs —i A
- A
and

P

. . /
v L) sin (gmk) sin (gmk’)

w
G(de) (wn,L +1,L+ 1) = Z
m=1

% Ql —i A €i¢
—iAe 0 Qs

W P
eilpm . . ’
_ mZZI R UES) sin (gmk) sin (gmk’) (2.47)

« Qs —i A e
AN e*id’ Ql ’

where ¢ is the phase difference between the two superconductors and we
have defined

9172 = :FQn — Wnp (248)

0, = Vw2 + A? (2.49)
mm

m = 2.50

=W (2:50)

1
pE = arccos ~5 (L +2tcosgm i Q)| , (2.51)
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with the conditions: Im{(p™)} > 0 and Im{(p~)} < 0. Note that g, are
the eigenvalues of the wave number labelling the eigenfunctions along the y-
direction (with m = 1,..., W), resulting from using the hard-wall boundary
conditions in the y-direction [94].

At this point, we can generalize the above equations to the case including
the spin-mixing effect due to SOC. Thus, for every couple of indices (k, k')
within the S lead stripe, we can obtain the GF matrices in the Nambu ®
spin space, by considering the following 4 x 4 matrices substitution in the
left and right lead, respectively

Cip Ckli CkT Ck’¢
d. [ 0 0 A
- t 0o Q5 —-A* 0
G (wn,0,0) — ¥t 2
k' (n; 0,0) i | 0 —A* —Qr 0
Ckli A 0 0 QQ
(2.52)
and
Ci Ck’,L CL,T C;L,lr
CZT Ql 0 0 ” Ae’¢
< 1 0 —Q3 —A*e’ 0
Grw (wn, L+1,L+1) — W1 2
kk (wn, L+ +1) car 0 | _A*ei0 - 0
oy \ Ae 9 0 0 Qo

Essentially, for each couple of fixed indices (k, k) we have a 4 x 4 matrix in
the Nambu ® spin space, which presents a block structure, as illustrated in
Fig.2.7 (a), describing the electron-hole processes (G, —G*) and Cooper pair
correlations (F), —FT). Therefore, in the basis chosen to describe our system,
every stripe (considering both the superconducting leads and barrier) has a
well defined matrix structure, as shown in Appendix A (Fig.2), where we
explained in detail the process of dividing the system in stripes. Thus, for
the construction of the surface GFs of the S leads, we have to recover such
matrix form, rearranging the various blocks composing the different GF ma-
trices with (k, k') fixed.

Let us consider, for example, the left S lead surface stripe with only two
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- Ckt Ckil Cpp o Cpn a)
+
(wn,O, 0) :Ck,l ® e ® ®

é(k'k,)fixed c ) ® e ~
4 _F'-I- —G 'I'.

Crrl ® ® (] ®

b)
site W = 2 51‘1 (wn, 0,0)
siteW =1 ﬁ. ]/< le,z(wn; 0,0)
k k' =12 \ Go1 (wp,0,0)

éZ,Z(wnf Or 0)

Figure 2.7: (a): Schematic representation of GF matrix structure for fixed
(k, k) within the left S stripe, in the Nambu ® spin space. In (b) we
illustrate the possible four different propagators Gk, 1 that we obtain
in the case of a stripe with only two sites (W = 2), needed for the
construction of the surface GF.

sites in the y-direction, W = 2. In this case, the indices (k, k') run from 1
to 2. Thus, in principle, we find four different 4 x 4 matrices in the Nambu
® spin space (Fig.2.7 (b)), describing the propagation between the sites k
and &’ within the left S stripe: Gl,l (wn, 0,0), Gl,z (wn, 0,0), 6271 (wn, 0,0),
@272 (wn,0,0), where each of them has the matrix structure illustrated in
Fig.2.7 (a). Therefore, we can reconstruct the whole stripe matrix of the left
surface GF by separating each block th/ (wn, 0, 0) in four blocks (G,F,—FT,—GT)
and then, rearranging them as in Fig.2.8.

The same procedure can be applied for the calculation of the right lead
surface GF, C?L+17L+1(wn). Consequently, by generalizing this process to
W -sites stripes, we obtain the leads GFs ready to use as the starting input
in the recursive algorithm of the RGF technique.
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Figure 2.8: Schematic representation of the left S surface GF matrix structure
(for W = 2), in the Nambu ® spin space.



Chapter 3

Realization of 0-7 states in
SFIS JJs: the role of spin-orbit
interaction and lattice
impurities

The interest in proximity structures made of superconducting and ferro-
magnetic layers in contact with each other, such as Josephson devices with
ferromagnetic barrier, has been recently renewed due to their potential ap-
plications to superconducting spintronics [47, 86, 87, 155] and to quantum
computing [36,79]. However, much less is known when the ferromagnetic
layer is insulating.

In this chapter we aim to investigate, from a purely theoretical point of view,
the transport properties of SFIS junctions with particular attention paid to
the temperature behavior of the critical current, I.(7T), that may be used
as a fingerprint of the junction. Specifically, we theoretically study the role
that impurities and spin-mixing mechanisms due to the SOC may have on
the appearance of the 0 and 7 phases, as well as on the controlled switching
between these two states.

Moreover, to enrich and complete our analysis we also calculate the corre-
lation functions in these SFIS JJs in the presence of SOC and impurities,
for s-wave and p-wave symmetries, recovering both the long and short range
pairing components.

This chapter is inspired by the work presented in Ref. [148| and is organized
as follows.

In the first section, we briefly recall the 2D BdG model Hamiltonian and
the RGF approach presented in detail in Chapter 2, used to describe the
SFIS JJ and calculate currents and correlation functions. Thus we report
the main model parameters used in the simulations. Then, we consider the
clean regime and discuss the appearance of the 0 and m states, firstly by

53
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varying the exchange field strength and, secondly, by adding the SOC, an-
alyzing how these two effects influence the I.(7") behavior. Subsequently,
we show a detailed investigation on the critical current in the presence of
lattice impurities and their effect, combined with the SOC, on the switching
between 0, 0-7, and 7 regimes. At last, we present the correlation functions
calculated in these systems.

3.1 Introduction

As we introduced in Chapter 1, the supercurrent flowing across a JJ is usu-
ally described by the sinusoidal relation I = I.sin ¢, where I. is the critical
current and ¢ the phase difference between superconductors. In conventional
JJs the ground state occurs at ¢ = 0 (I. > 0), by contrast in 7 junctions the
minimum energy corresponds to ¢ =7 (I, <0 ).

According to the literature, SFS JJs are promising platforms to implement
7 junctions [15,17,19,28]. Indeed, as a consequence of the phase change
of the Cooper pair wave function which extends from S to F layer due to
the proximity effect, they show an oscillating behavior of the critical cur-
rent as a function of the length of the F region [26,27]|, thus providing the
necessary sign change of I, to switch from 0 to w. The so-called = JJs are
currently subject to intense research activity due to their applicability as
architectural elements for the development and the improvement of nanos-
tructures, since they are considered to be very promising ingredients to en-
gineer superconducting circuits, nanoelectronics, spintronics and quantum
computing devices [36-38]. Among these applications, for example, we can
mention the possible integration of such 7 junctions in quantum circuits for
superconducting qubits, considered quite promising due to increased robust-
ness against noise and electromagnetic interference induced by magnetic field
sources and a more compact and simple design, opening the way to scalable
devices [39,40,78-81].

The 0-7 transitions between the 0 and the 7 state have been experimentally
measured in SF'S JJs by varying the thickness of the ferromagnet in different
kinds of samples [34,131,156] or the temperature [30,35,157]. In particular,
the temperature induced O-7 crossover is characterized by a peculiar cusp
in the I.(T) behavior at the transition temperature, giving the first chance
to realize both the 0 and 7 state in a single device. However, since SFS
JJs are affected by dissipation effects due to their coupling to the environ-
ment [58,59], JJs with a nonmetallic barrier result to be a good option for
obtaining O-7 transitions and 7 states. Indeed, these systems show features
similar to SFS JJs with the advantage of having a less dissipative nature
which makes ferromagnetic insulator JJs well suited for these kinds of ap-
plications. As a matter of fact, transport properties through SFIS JJs have
been investigated both theoretically [63,82] and experimentally [66], display-
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ing temperature induced 0-7 transitions together with unconventional I.(T)
behaviors [67,68]. Therefore, the possibility to arrange an equilibrium super-
conducting phase difference of 7 across JJ has been theoretically predicted
also in this case [69,82].

In this intriguing scenario, one of the most challenging issues is to find an
effective way of controlling the occurrence of 0-m transitions in SFIS JJs,
through a direct action on their I.(T") behavior, which is one of the main
quantities reachable experimentally.

It is well known that tuning the exchange field of the barrier is an available
technique to manipulate the critical current [68], thus driving the switching
between 0, 0-m and 7 regimes. However, this approach does not provide an
easy engineering of ferromagnetic JJs based devices, since the exchange field
is an intrinsic property of the magnetic barrier and experimental procedures
required for its manipulation may induce decoherence and magnetic noise.
For this reason, it would be extremely useful to find alternative and more
accessible mechanisms that can be exploited to drive the O-m transition in
such devices. In this context, we recognize spin-mixing effects (SOC) and
lattice impurities as good tools that offer the possibility to control the tun-
ing of O-7 transitions in SFIS JJs. Spin-orbit coupling (SOC) [136,158-166]
has already been studied as a source of intriguing anomalous Josephson ef-
fect [167-175]. Moreover, it has been investigated in previous works [90] to
induce the m — 0 transition in SFS JJs. However a thorough study of the
SOC effect on the I.(T') behavior in these 0 — 7 junctions is lacking. On the
other hand, while previous works investigated the 0 — 7 transition induced
in SIS JJs by magnetic impurities [29,176-178|, the chance of controlling the
0 — 7 transition by means of lattice non-magnetic impurities is not yet well
explored.

Here, we present how the interplay between SOC and nonmagnetic disorder
may be exploited for the engineering of fully tunable 0-7 JJs which can be
switched between the 0, 0-7 and 7 regimes.

Furthermore, since S/F hybrid systems are presumed to host triplet super-
conductivity induced by the proximity effect [15,17,19,41-43], as a supple-
mentary analysis we also calculate the correlation functions in these SFIS JJs
in the presence of SOC and impurities, both for s-wave and p-wave symme-
try. Indeed, in addition to the short-range singlet and triplet pairings with
total spin projection S, = 0, in our system we also find the equal spin-triplet
long-range correlation pairs with total spin projection S, = 41 in the direc-
tion of the exchange field due to the presence of SOC, which allows the spin
symmetry breaking at S/FI interfaces. In particular, we show that intensify-
ing the impurities strength results in an enhancement of the odd-frequency
correlations (i.e., s-wave equal-spin triplet and p-wave singlet, respectively).
Therefore, we identify SFIS JJs as sources of unconventional odd-frequency
superconductivity and equal-spin triplet pairings when spin-mixing and dis-
order effects are involved [19,41-43,90, 143,179-181].
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3.2 Formalism and model parameters
S FI + SOC + impurities S

Figure 3.1: Schematic representation of the SFIS junction geometry with a
ferromagnetic insulator barrier in the presence of SOC and
impurities. The exchange field h is taken parallel to the z-axis, thus
perpendicular to the junction plane (i.e., the xy-plane).

We study the Josephson effect in SFIS JJs by using the numerical calculation
method based on the RGF technique [89-91| presented in Chapter 2. We
describe the junction by using the 2D Bogolioubov de Gennes (BdG) tight-
binding model [68,89-91] shown in Fig.3.1. As we have seen, the normal-state
Hamiltonian of the junction H= H + Hp I, can be separated in two parts
referring to the S leads and FI barrier, respectively. In Hp; we include all
the interactions present in the barrier, namely the exchange field, SOC and
lattice impurities, described by the corresponding terms and parameters, as
defined in Chapter 2.

The Josephson current at finite temperature T is derived from the Matsubara
GF of the FI barrier, calculated with the RGF technique, whose application
requires to divide the 2D lattice in transverse stripes labeled by the index
j. Thus, remembering that we indicate with 7 the full 4W x 4W matrix
in Nambu ® spin space, the barrier GF G'j’j of the stripe j-th along the
a-direction solves the Gor’kov equation Eq.(2.31). Therefore, the Josephson
current I(j) originates from the GFs connecting two adjacent stripes (namely
the j-th and j + 1-th), G, j+1 and Gj11, and reads

. e e J
I(]) = _ETZTT [T3T+Gj’j+1 — TgT,GjJrl,j] 5 (31)
Wn,
where T'r stands for the trace over the Nambu ® spin space and we consider
that the different neighbor stripes composing the system are connected by
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the T matrices defined by Eq.(2.33).

Lastly, the s- and p-wave correlation functions at each stripe j along the x-
direction are extracted from the anomalous GF Fwn by using Egs.(2.43) and
(2.44), respectively, that we report here by making explicit the right-hand
side for convenience

1 LA _(—h+ife fotf3
w o men=(G1 ATR) (32

and

—F,, (r,r+x)—F, (r—x,r)= <__j}o‘:f£’2 ﬁoii’;) ' (3.3)

where the vector r = jx 4+ my points a lattice position. The above equa-
tions allow to obtain the four paring components: fy, f3 (short-range spin
singlet and triplet pairings with S, = 0), f;, f| (long-range spin triplets with
S, = +1, obtained as linear combination of f; and fs).

Here, we report the choice of the model parameters used for all the results
discussed in the following. Henceforth, we adopt units with A = ¢ = kp =1,
where c is the speed of light and kg is the Boltzmann constant.

All the energies are, thus, scaled by ¢ and the magnitude of the spin-orbit
coupling « is scaled by ta, where the lattice constant is set a = 1, while the
Josephson current is calculated in units of Iy = eA.

We recall here that we denote with L and W the length and width of the
barrier, while SOC, exchange field and impurity potential strength are re-
spectively described through the parameters «, h and V.

Further, we fix several parameters as: the barrier width W = 32 sites in the
y direction, the FI and superconductors hoppings ts = t = 1, the chemical
potentials pupr = 0, us = 3, and the order parameter A = 0.005. In partic-
ular; the chosen chemical potential mismatch at FI and S interfaces allows
to describe the insulating regime in our model. Finally, the exchange field is
assumed to be slightly disordered and is modeled as h’ = h+dy, where dy, are
small on-site fluctuations given randomly in the range —h/10 < 6 < h/10
(along the h-direction). Here, h’ is taken parallel to the z-axis, thus per-
pendicular to the junction plane (i.e., the zy-plane). In the numerical simu-
lations, both the temperature dependence of the critical Josephson current
(i.e. I.(T)) and correlations functions are averaged over Ny samples with
different random impurity configurations. We choose Ny = 80 — 100 for
the I.(T) curves and Ny = 300 for the pairing correlation functions. In
particular, the ensemble average of the Josephson current (Eq.(2.42)) over
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a number of different samples is obtained as: < I >= N% Zgil I, where
I, is the Josephson current in the n-th sample. Then, evaluating the av-
erage Josephson current by varying ¢ in the range from 0 to m we obtain
the average current-phase relation (CPR) at fixed T' (i.e. I(¢,T")). Finally,
the averaged critical current I.(T') is estimated from the CPR at different
temperatures between 0 and T, by taking its maximum in absolute value
(1.(T) = maxy[|1(¢,T)|]). In this work, each I.(T") curve together with the
corresponding CPRs (I(¢,T)) has been normalized to the maximum value of
the critical current with respect to the temperature, i.e. g, = maxp[I.(T)].

3.3 Tuning of 0, 0-7 and 7 regimes in SFIS JJs in
the clean limit, by varying the exchange field h

To begin with, first of all, in this section we want to illustrate that, as
reported in the literature 30,34, 35,131, 156, 157], it is possible to switch
between the 0, O-m and 7 regimes in SFIS JJs by varying the exchange field.
This is reflected in particular features of the I.(7") behavior, such as the pres-
ence of a peculiar cusp at the transition temperature (Tp_,) in temperature
induced O-7 transitions, which we can observe by varying the corresponding
parameter h in our model. In this part, we consider a clean situation, in
which both lattice impurities and small exchange field fluctuations in the
FI barrier are absent (Vim,p, = 0, 6, = 0). Furthermore, here and in the
following, we consider the short junction regime, typical of tunnel junctions,
where the length of the FI barrier is fixed at L = 8 sites in the z direction,
unless otherwise specified.

Thus, in Fig.3.2 (a) we show the temperature dependence of the critical
current, obtained for increasing values of h in the clean limit. For these sim-
ulations we fixed the SOC strength a = 0.04. All the other parameters are
the same as those defined in the previous section 3.2. As we can see, the non-
monotonic dependence of I.(T') is visible. In particular, we can notice that,
starting from the Ambegaokar-Baratoff (AB) [182] type behavior (h = 0.10,
red curve), I, is strongly modified with increasing the exchange field h in the
ferromagnetic layer, causing the system to move towards O-7 and 7 regimes.
Then, undergoing some oscillations, the AB trend is established again when
h increases (h = 0.60, blue curve). Moreover, the cusp-minimum of the 0-7
transition appears to be shifted in temperature as h varies. We also report in
Figs.3.2 (b-d) the current-phase relation (CPR) corresponding to the I.(T)
curves obtained for h = 0.10, 0.25, 0.40, respectively. As can be seen, the
AB-type curves shown in (a) correspond to pure 0 (b) and 7 (d) JJs, stable
over the whole range of temperatures.

Specifically, it is worth noting that varying h significantly influences the
I.(T') behavior of these systems, producing an even more considerable effect
in the short junction regime, namely the situation we are considering in this
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thesis. For this reason, manipulating the exchange field of the barrier is ef-
fectively a difficult operation to manage experimentally. Conversely, as we
will see in the next sections, the 0, 0-m and 7 switching can be more easily
attained by acting on the SOC and nonmagnetic impurities.
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Figure 3.2: (a): I.(T) for different values of h. For these simulations we used
a =0.04, L =8 and W = 32 sites in the = and y direction. CPR, at
selected temperatures, of a 0 (b), 0-7 (c¢) and 7 (d) JJ, obtained for
h = 0.10, 0.25, 0.40, respectively.
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3.4 The role of spin-orbit coupling (SOC) on the
switching between 0 and 7 state in the clean
limit

In this section, we consider the case of SFIS JJ which presents temperature
induced O-7 transitions and analyze the effect of SOC on its I.(T") behavior.
As in the previous section, we still look at a clean situation with a uniform
distribution of the exchange field in the 2D lattice (Vimp = 0, 65, = 0).

All the results discussed in the following are obtained with the model pa-
rameter describing the exchange field fixed at h = 0.45.

In Fig.3.3 (a) we can see that, starting from a 0-7 transition corresponding
to o = 0, we recover the AB behavior for a = 0.20. For larger « the critical
current is always of AB type. We can also notice that the second lobe of the
I.(T) curve is reduced in height and its (cusp-like) minimum is shifted to-
ward higher temperatures when « increases, until the I.(7") behavior visibly
changes and it completely disappears in the AB regime. In Figs.3.3 (b-d),
the characteristic CPRs corresponding to I.(7T") curves for a = 0, 0.07, 0.20
are shown. We can notice that the 0-7 transition is well evident for a = 0
and only slightly appreciable for a = 0.07, while it is completely washed
out for a = 0.20. Hence, by increasing «, we induce a shift in the transition
temperature Ty, towards higher values, until the 0-7 transition cancels out.
Further, we observe visible contributions due to the second and higher or-
der harmonics in the CPRs at Tp_,, when the first order harmonic appears
strongly weakened [183,184]. Our results confirm the fact that SOC stabi-
lizes the 0 state rather than the 7 state [90] in these devices.

To better illustrate this mechanism, in Fig.3.4 we show the critical Joseph-
son current as a function of the length of the ferromagnetic-insulator layer
(with L from L = 3 to L = 50), i.e. current-length relation (CLR). In these
simulations we used T' = 0.17, and ¢ = /2. Furthermore, we set h = 0.45
and a = 0,0.07,0.20.

The change in sign of Josephson current, indicating the corresponding 0-7
transitions at fixed lengths of the FI layer due to the presence of the exchange
potential, is more frequent in the cases with o = 0 and « = 0.07. The effect
of SOC increasing is the suppression of the above-mentioned 0-7 transitions
and consequently a mostly always positive Josephson current for o = 0.20.
Indeed, the SOC produces a shift of the CLR curve from lower to higher
current values; negative critical currents are representative of 7 states while,
when I. becomes positive (at fixed length L), the 7 — 0 transition occurred
and the system reaches the 0 final-state under the SOC growth. Taking h
and L fixed, there is no possibility that, by further increasing «, the system
will return to the 7 state experiencing another 0-7 transition.

We can provide a qualitative explanation of this effect as follows. As we have
seen in Chapter 1, the short-range spin-triplet component S, = 0 appears
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Figure 3.3: Effect of SOC increasing on the I.(T) (a). We set the exchange field
h = 0.45, while the dimensions of the lattice are L = 8 and W = 32,
along the z and y-direction, respectively. In (b-d), the CPRs, at
selected temperatures, relative to the simulations in (a) for
a =0,0.07,0.2 are shown.

in S/FI systems due to exchange field breaking time-reversal symmetry in
the F layer. In the presence of spin-orbit interaction, the spin-mixing ef-
fect at S/FI interfaces allows for long-range equal spin-triplet components
S, = +1 inside the ferromagnetic region. The S, = 0 components (singlet
and zero-spin triplet) show an oscillating behavior due to the different phase
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Figure 3.4: CLR computed by varying the length of the junction from L = 3 to
L =50, with ¢ =7/2, T =0.1T, and W = 32, for a = 0,0.07,0.2.
The CLR curves are normalized to the value of their current at
L=3.

shifts acquired by the up and down-spin electrons of the Cooper pair, as they
propagate in F, while the S, = £1 pairing components show a long-range
decay, since the exchange field h has the same effect on the two equal spin
electrons [19,26,27,185|. In the long junction limit all the pairing func-
tions decay exponentially over the temperature dependent coherence length
1= QZF—FT, whereas the oscillation period of the zero-spin pairing components
is given by {0 = 3£ [15,41,42,90]. Therefore, for  >> {1, heuristically,
the Josephson current can be considered as consisting of two contributions:

I ~ ISz:il e—:c/ffl —"_ISZ:O e—:l?/ﬁfl cos ($> ,
2

where Is__, and Ig _,, are the amplitudes of the opposite spin and parallel
spin components, respectively. Increasing the SOC results in an enhance-
ment of the non-oscillating part of the Josephson current, whose superposi-
tion with the oscillating term produces, in turn, an enlarged total current
and, thus, may prevent that I. vanishes in the 0-7 transition.

To complete our analysis in the presence of SOC in the FI barrier and illus-
trate what we explained in terms of the I.(T") behavior, in Fig.3.5 we addi-
tionally report the density plot of Josephson current, calculated at T' = 0.17,
and ¢ = m/2, as a function of the exchange field h and SOC strength, «,
for a wider range of these latter parameters. The black/dark-violet regions
indicate negative values of the current, where the JJ is 7. In particular, we
can notice a well-defined m-island that in our simulations appear stable in
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Figure 3.5: Josephson current, calculated at T' = 0.17, and ¢ = 7/2, as a
function of the exchange field h and SOC strength «, for a wider
range of these latter parameters.

temperature. The white/light-yellow regions, where I > 0, indicate conven-
tional 0 JJs, with a mostly constant occurrence at low values of the exchange
field (h < 0.05) for any value of a.. Intermediate orange-red areas represent
JJs which show a good probability to undergo a O-7 transition, since the
critical current is very low. Our outcomes, obtained for SFIS JJs, are in
accordance and extend those previously demonstrated in [90,91] in the case
of SKF'S JJs in the non-insulating regime.

In conclusion, we can claim that our results lead to regarding SOC as a useful
tool for driving the evolution of the I.(T") of SFIS JJs from 0-7 to 0 regime.

3.5 The dirty regime: the role of lattice impurities
in the formation of 7 JJs

At this point, it become legitimate to ask under which conditions the junc-
tion displays a stable m state over the whole temperature range, similar to
what happens in the case of the 0 state with strong SOC. Real systems are
affected by the unavoidable presence of impurities and in this section, we
show that interesting features for the existence of 7 states in SFIS JJs can
be detected in the presence of nonmagnetic impurities, modeled as scalar
on-site potentials.

In what follows, we focus on the effect of disorder on the I.(T) curves ex-
hibiting a 0-7 transition and on the corresponding CPR. In particular, firstly
we consider the case of a SFIS JJ in the presence of disorder, secondly we
analyze the combined effect of impurities and SOC on the I.(T) of these de-
vices. As a matter of fact, the influence of increasing V;y,, results in different
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scenarios.

In the following simulations, we use L = 8, W = 32 as for the analysis
of the clean system, and a = 0.04 (for the case with SOC), while the fol-
lowing four different values of the impurity potential are chosen: V., =
0.025,0.125,0.150,0.250. Moreover, here, small on-site exchange field fluc-
tuations are considered (5, # 0) to model a more realistic scenario in which
the exchange field may be non-uniform in the whole barrier.

In Fig.3.6 (a) we show the I.(T) curve at a = 0, calculated as the impu-
rity potential increases. We notice that for high values of V;;,, the system
changes its I.(T) behavior leaving the 0-7 regime and reaching a stable 7
state almost over the whole temperature range, as it is evident in the cor-
responding CPRs (Figs.3.6 (c-e)). Precisely, for Vj,,, = 0.025 (green curve)
both the maximum of the second lobe and the dip of the 0-7 transition
settle at higher values of current with respect to the clean regime (black
line in Fig.3.6 (a)). Consequently, the clear effect of increasing Vj,, is the
filling of the minimum of the O-7w transition and its shifting toward very
low temperatures (red and blue curves), leading to the AB-like behavior for
the highest disorder configuration (orange curve), corresponding to a pure m
regime (Fig.3.6 (e)). The presence of impurities seems to be a driving force
for the conversion of a O-m JJ into a pure m one. As it is shown, in the
absence of SOC the realization of an almost pure « JJ is feasible even for
small values of the impurity potential (Fig.3.6 (c, d)).

In the presence of SOC (Fig.3.6 (f)) the clean I.(T') curve (black line) ex-
hibits a O-7 transition occurring at 7" ~ 0.45T;, characterized by a lower
value of the current in the m state. In this case, we can notice that en-
hancing the impurity strength produces a more gradual filling of the 0-7 dip
together with its broadening (Fig.3.6 (f), red and blue curves), shifting it
toward higher critical current values and lower temperatures. When passing
from the O-7 regime to the m one, with o # 0, the system also shows a pecu-
liar plateau region in the I.(T) extended over a wide range of temperatures,
for intermediate values of Viy,, (Fig.3.6 (f), red curve). The combined effect
of SOC and impurities allows to stabilize the O-7 transition over a wide range
of temperatures. However, for Vj,,, = 0.250, we observe a sharp change in
the I.(T) behavior, where neither the plateau nor the 0-7 dip are no longer
visible, suggesting that the 0-7 transition may occur at very low tempera-
tures and that the pure 7 regime may be reached at larger values of V.
We may further analyze the system response to the presence of disorder by
looking at the CPRs (Figs.3.6 (b-e), (g-1)), corresponding to the I.(T") curves
in Figs.3.6 (a) and (b), respectively.

For the first scenario (Figs.3.6 (a, b-e)), the increase of Vj,, produces strong
modifications in the CPRs, characterized by an enhanced contribution of
higher order harmonics at low temperatures, reflecting the lowering of the
O-7 transition temperature (Tp—r). Further, for Vj,,, = 0.250 the CPRs are
opposite in sign with respect to the typical sin ¢ behavior, indicating that a
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phase difference of 7 is established across the junction.

On the other hand, in Figs.3.6 (f, g-1) we present the CPRs in the case of
a # 0. Here, the 0-7 transition gradually moves to lower temperatures as
Vimp increases, until the junction is totally 7 for the highest value of Vi,
(Fig.3.6 (1)). In Fig.3.6 (f) we observe that the influence of the SOC on
the dirty SFIS JJs consists in stabilizing the 0-7 regime even for moderately
high values of the impurity potential. Here, the result of the coexistence of
two competing effects, namely the spin-orbit and the disorder, is noticeable.
Indeed, as for the clean regime, also in the dirty case the SOC tends to bring
the system toward the 0 state; whereas the non-magnetic on-site impurities
encourage it to turn toward the m state. This results in the slowdown of
the switching from 0-7 to m I.(T) behavior, which, thus, takes place more
gradually as Vj,,, is enlarged. For this reason, the system goes through an
intermediate regime involving a widened O-7 transition characterized by the
plateau in the critical current, before reaching the w regime. In this situation,
we can better visualize how the impurities drive the transformation of the
I.(T) from that of a 0-7 JJ to the one of a m JJ. Indeed, this mechanism is
only slightly perceivable when o = 0 and the entire process happens almost
suddenly.

We can provide a qualitative picture of this phenomenon in the following.

Toneray £
a) 0—m
n-state /; ransition 0-state
n-state
0-state
0-state n -state
b) widened

0 — r transition

e 0-state -
m -state > R -7
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Tstate .~
Temperature T
T < TO—T[ T = TO—T[ T > TO—TL'

Figure 3.7: Schematic representation of 0 and 7 energy levels in the clean (a)
and dirty (b) regime. In the latter case, the broadening in energy,
due to the presence of on-site non-magnetic impurities, is shown.



68 CHAPTER 3. 0-m TUNABLE SFIS JJS

In the clean case, for temperatures lower than the 0-7 transition one (7' <
To—r) the lower energy level is the 0 state. When T' = Ty_, the 0 and 7
energy levels are coinciding; finally, for T" > Ty_, the O-m transition has
occurred and the Josephson energy minimum is reached at ¢ = 7 (Fig.3.7
(a)). On the other hand, the presence of on-site non-magnetic impurities
produces a broadening in energy (and, therefore, in temperature) of the 0
and 7 energy levels (Fig.3.7 (b)). The broadening of the levels gives rise
to an overlap region in which the JJ comes to be in a "hybrid 0-7 state"
over a more or less extended range of temperatures. When the impurities
strength is enhanced, the overlapping between the levels grows together with
the probability that, for T < Ty_, (where Ty_ is the transition temperature
in the clean limit), the system prefers to stabilize in the 7 energy state.
Finally, in Fig.3.8 we illustrate the possibility to build up a controllable de-
vice that can host all the I.(7T") regimes. Here, we show that, once we fix
the impurity potential strength in such a way to have an almost pure = JJ
in the a = 0 configuration (Fig.3.8 (a)), by adding the spin-orbit interaction
and modifying its coupling strength, we manage to drive the junction toward
0-7 (Figs.3.8 (b-c)) and 0 (Fig.3.8 (d)) regimes. This happens in a reversible
manner, in the sense that decreasing the SOC would bring back the system
in the initial 7 state.

Vimp = 0.125
[ T a)’ C T b)* N T C)* N ‘d)*
0—m T gy 0-7 1w 0 0—-m m 0
a

Figure 3.8: Effect of SOC strength («) increasing on the I.(T) behavior, at fixed
value of the impurity potential (Vj;,, = 0.125). The I.(T) curves are
calculated for the following values of o = 0, 0.04, 0.07, 0.20. The
I.(T) curves in (a) and (b) correspond to the ones in Fig.3.6 (a) and
(f), respectively, for V;,,, = 0.125.

3.6 Analysis of pairing functions

In this paragraph, for sake of completeness, we look at the possible pair-
ing mechanisms that can take place in the devices analyzed in the previous
section. In SFIS JJs, the exchange field breaks the time-reversal symmetry,
giving rise to the zero-spin triplet pairing correlations. However, when we
consider systems with impurities and SOC the chance to have more exotic
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Figure 3.9: Module of spatial profile of s and p-wave pairing components,
calculated at h = 0.45, a = 0.04, T'= 0.0257, and ¢ = 0, for
Vimp = 0.025 (a, b, f), Vipp = 0.125 (c), Vimp = 0.150 (d) and
Vimp = 0.250 (e, g).

pairing components becomes relevant. In particular, as we illustrated in
Chapter 1, in the presence of SOC triplet pairings with parallel spins (with
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S, = =£1 projection) emerge. Indeed, the generation of equal-spin triplet
correlations via SOC is provided by the fact that, at interfaces, spin-orbit
interaction breaks the spin symmetry, leading to a mixing of spin-up and
spin-down channels in such a way that the total spin S is no longer a good
quantum number. As a result, the proximity amplitudes in the ferromagnet
will intrinsically be a mixture of singlet and triplet pair correlations.
Moreover, we notice that SOC breaks also the inversion symmetry at the
S/FI interfaces, thus, all four types of pair amplitudes (i.e., s-wave singlet,
s-wave triplets, p-wave singlet, p-wave triplets) can be found in the F re-
gion [41-43]. Since the Pauli’s principle requires the pairing correlations to
be totally antisymmetric, as we have seen in Chapter 1, the possible types of
pairing functions have to fulfill specific symmetry properties with respect to
spin, momentum, and frequency [41-43,143,179-181]. For this reason, the
s-wave singlet as well as the p-wave triplets are even functions of the Mat-
subara frequencies wy, (even-frequency), while the s-wave triplets and p-wave
singlet are odd-frequency.

In Fig.3.9 we show the amplitude of the spatial profile of the calculated s-
and p-wave correlation functions, as a function of the position inside the
FI barrier (expressed in terms of the number # of sites), corresponding to
the system configurations analyzed in the previous section in the presence of
SOC and disorder, Figs.3.6 (f), and (g) to (1). In the following calculations
we set h = 0.45, a = 0.04, T = 0.025T, and ¢ = 0. The other parameters are
set as in the previous sections. As well as for the systems in Figs.3.6 (f), and
(g) to (1), we choose the following values of the on-site impurity potential:
Vimp = 0.025 (Figs.3.9 (a, b, f)), Vimp = 0.125 (Fig.3.9 (c)), Vimp = 0.150
(Fig.3.9 (d)) and Vip, = 0.250 (Figs.3.9 (e, g)). The plots in Figs. (b) to
(e) represent a zoomed-in view of the s-wave spin-triplet components, while
in Figs. (f) and (g) we show a zoomed-in view of the p-wave correlations for
the configurations with the lowest and highest value of V.

In the s-wave symmetry, the majority component is the spin-singlet one fj
(for simplicity only shown in Fig.3.9 (a)); nevertheless, this is to be expected
since we are considering a short-FI barrier directly coupled to conventional
s-wave singlet SCs. Furthermore, fy is an even-frequency function and in
the Matsubara summation it is reinforced. We observe that the s-wave spin-
triplet pairings, initially generated by SOC at interfaces, survive throughout
the FI region and intriguingly appear remarkably enhanced by the effect of
increasing the impurity potential Vjy,p. In the middle of the FI barrier (site
# 4) we obtain that, passing from Vj;,,, = 0.025 to Vi, = 0.250 (Figs.3.9 (b)
and (e)), the s-wave singlet fy (even-frequency) remains almost unchanged,
while the s-wave spin-triplets (odd-frequency) f3, fy and f| result increased
by factors of ~ 15, ~ 21, ~ 33, respectively. Further, in Figs.3.9 (f) and
(g), it is shown that a sizable p-wave pairing is already induced in the FI
layer in the nearly clean situation (Vj,, = 0.025). In this case, the majority
contribution is provided by the zero-spin triplet (f3). However, the spin-
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singlet fo (odd-frequency) results enlarged by the influence of nonmagnetic
disorder, while the triplet correlations (even frequency), contrary to s-wave
ones, appear rather stable with respect to the increment of lattice impuri-
ties. Finally, at site # 4 comparing the p-wave pairings with the s-wave ones
corresponding to the highest value of impurities strength, we find that the
equal-spin components fy and f| are almost of the same order of magnitude
in both the s- and p-wave cases.

Our results highlight the importance of SFIS JJs with SOC and tuned im-
purities as promising platforms hosting unconventional odd-frequency super-
conductivity and showing sizable equal-spin triplet pairings, thus verifying
the predictions in Refs. [67,68].

3.7 Conclusion

In this chapter, we focused our attention on the problem of the tunability
of 0-7 transitions in SFIS JJs. Using a Bogoliubov de Gennes 2D tight-
binding model we managed to study the temperature-dependent transport
properties of these devices. Here, we extended the analysis carried out in
Ref. [90] to the case of 0-7 junctions with ferromagnetic insulator barriers.
In particular, we analyzed the influence of spin-mixing (due to SOC) and
nonmagnetic disorder effects on SFIS JJs, focusing on the I.(T) behavior.
We pointed out the role of SOC in driving the switching between 0-7 and 0
regimes and the capability to induce 0-7 to 7 conversions by adding disorder
to the system. In particular, the engineering of the impurity concentration
(that is strongly linked with the model parameter V) could lead to the
realization of stable 7 junctions, highly desired for superconducting circuits.
Moreover, we figured out the opportunity to obtain a fully tunable system,
starting from a 7 JJ and tuning the spin-orbit field by external means.

In this context, the SFIS JJs analyzed here could represent an intriguing
and unexplored platform which can be switched among the three different
regimes. Finally, we complete our analysis by studying the correlation func-
tions in the presence of SOC and impurities. In particular, we observed an
enhanced contribution of the odd-frequency pairings, i.e. s-wave triplets and
p-wave singlet due to the increasing of nonmagnetic disorder. Therefore, we
recognized these tunable SFIS JJs as good candidates to host unconventional
superconducting pairing mechanisms and the source of sizable spin-triplet
superconductivity, confirming the results of the authors of Refs. [68,90].



Chapter 4

Coexistence and tuning of
spin-singlet and triplet
transport in spin-filter
Josephson junctions

The increased capabilities of coupling more and more materials through func-
tional interfaces are paving the way to a series of exciting experiments and
extremely advanced devices. Here we focus on the capability of magneti-
cally inhomogeneous superconductor/ferromagnet (S/F) interfaces to gen-
erate spin-polarized triplet pairs. In particular, we apply the theoretical
2D tight-binding model described in the previous sections to experimental
systems characterized by spin-filter ferromagnetic Josephson junctions (JJs),
finding unique correspondence between neat experimental benchmarks in the
temperature behavior of the critical current I.(7") and the theoretical model
based on microscopic calculations. In this chapter, we focus on studying
the induced pairing correlations in these devices, and their possible connec-
tion with the I.(T") behavior. As a matter of fact, this kind of combined
analysis provides accurate proof of the coexistence and tunability of singlet
and triplet transport in such systems. From a theoretical point of view,
we consider ferromagnetic insulator JJs (SFIS JJs) in the presence of spin-
mixing effects (due to SOC) and nonmagnetic disorder, where the possibility
to model these interactions allows to enlarge the space of parameters that
regulate the phenomenology of the Josephson effect, thus offering the oppor-
tunity to extend the application to a variety of hybrid types of JJs.

This chapter is inspired by the work presented in Ref. [68] and is organized
as follows.

In the first section, we briefly recall the theoretical formalism used in this
analysis and discuss the choice of the model parameters, in relation with the
experimental values found in the literature, regarding these systems. Then

72
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we apply the 2D tight-binding model and the RGF technique to calculate
the I.(T) and correlation functions, where the former will be the benchmark
for the comparison with the experimental data and the starting point for the
discussion on the possible singlet and triplet proximity effect arising in in
these structures. Subsequently, we proceed proposing an investigation on the
possible analogy existing between the response of spin-filter JJs to the appli-
cation of a weak external magnetic field, and the role of SOC and impurities
in the model. Lastly, we complete our analysis illustrating how the I.(7)
behavior can be modified by the combined effect of SOC and impurities, by
expanding the range of parameters describing these effects.

4.1 Introduction

Ferromagnetic (SFS) JJs are a unique platform to integrate the coherent
quantum nature of superconductors and ferromagnets into unconventional
mechanisms and smart tunable functionalities. The rich literature has es-
tablished several key elements, which arise when superconducting pair cor-
relations traverse the exchange field of a ferromagnet [15,17, 19, 30, 57].
JJs with multiple F-layer barriers have been theoretically and experimen-
tally studied in connection to unconventional triplet superconductivity with
equal-spin Cooper pairs, characterized by total spin momentum S = 1 and
spin z-component S, = £1 (|11) g5, = [T1) and |1 — 1) g5, = |[{})), which
can be artificially generated in these structures [15,19,47,48,54,85-88, 186].
Compared to spin-singlet Cooper pairs (|00)g g = 1/vV2(11) — [41))) and
opposite-spin triplet Cooper pairs (|10)5 5 = 1/V2(|1) + |41))), the spin-
aligned triplet Cooper pairs are immune to the exchange field of the F layer
and can carry a non-dissipative spin current. Therefore, spin-triplet Cooper
pairs constitute the essential element for the emerging field of superconduct-
ing spintronics [47,48, 85-88].

It is well established that spin-polarized triplet pairs are generated via spin-
mixing and spin-rotation processes at magnetically inhomogeneous S/F in-
terfaces [19, 46,47, 86, 87, 187|, as we have seen in Chapter 1. Recently,
theoretical and experimental studies have been dedicated to an alternative
mechanism for triplet pair generation involving spin-orbit coupling (SOC) in
combination with a magnetic exchange field [188,189]. These systems may
benefit from the capability to generate controllable spin-polarized supercur-
rents with a single ferromagnetic layer, compared to magnetically textured
JJs.

A conclusive evidence for the spin-triplet nature of the supercurrent could
be supported by the capability to distinguish singlet and triplet components.
The capability of quantifying the amount of spin-polarized supercurrents re-
mains a fundamental benchmark to further prove triplet correlations and a
key step towards real applications.
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In this scenario, superconducting tunnel junctions with ferromagnetic insu-
lator (FI) barriers (SFIS), namely spin-filter NbN/GdN/NbN JJs, have re-
vealed unique transport properties, such as spin-polarization phenomena [66,
83,190], an interfacial exchange field in the superconducting layer [65,191],
macroscopic quantum tunneling [192] and an unconventional incipient 0-
7 transition [67]. In particular, with spin-filter JJs [66] we indicate those
junctions in which the flowing current is highly spin polarized because of
the different tunneling probability experienced by spin-up and spin-down
electrons, due to the exchange splitting produced by the FI barrier |7, 193]
which gives rise to a lower barrier height for spin-up electrons and a higher
barrier height for spin-down electrons, thus, acting as efficient filter for spin-
polarized carriers.

Such SFIS JJs are especially well-suited for the implementation in supercon-
ducting circuits in which a very low dissipation is required [60-62,64,82,194].
Furthermore, in these systems, evidence of spin-triplet transport has been
reported [57,67,83, 84].

Here we build on a study of the critical current I. as a function of tempera-
ture 7" in NbN-GAN-NbN JJs [67], to demonstrate coexistence and tuning of
singlet and triplet components. By using a 2D tight-binding Bogolioubov de
Gennes (BdG) approach [89-91], we model the I.(T") curves in the whole tem-
perature range, along with the corresponding current-phase relation (CPR)
as a function of the temperature 7 . It turns out that measurements of the
temperature behavior of the critical current along with microscopic modeling
approach provide an alternative accurate method to assess the spin-triplet
transport, which can be extended to different types of JJs: the amount of
spin-singlet and -triplet correlations can be quantified and parameterized in
terms of disorder parameter and spin-mixing (SOC) mechanisms through a
fitting of experimental data.

The large variety of materials and configurations employed in diffusive SF'S
JJs in the literature allows to access a wide range of behaviors for the thermal
dependence of the critical current [15,71]. Particularly relevant in this con-
text is the non-monotonic behavior for the I.(T") in systems in which a 0-7
transition occurs, characterized by a peculiar cusp at the transition temper-
ature Ty_r [15,30]. In this chapter, we focus on the peculiar behavior of the
I.(T') in tunnel ferromagnetic spin-filter JJs, in which an unconventional 0-7
transition occurs. Specifically, in the devices discussed here, the I.(T') curve
shows a region in which the I, is constant in a wide range of temperatures,
i.e. it shows a plateau, or it shows a non-monotonic trend characterized by a
non-zero local minimum, i.e. the I.(7) exhibits an incipient O-7 transition.
Such unconventional I.(7") behavior turns out to be the benchmark for the
coexistence of spin-singlet and spin-triplet superconductivity in SFIS junc-
tions. As we will see, when the I.(T') curve is characterized by a plateau
over a wide range of temperatures, the competition between the singlet and
triplet pairing amplitudes becomes significant, in both s-wave and p-wave
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symmetries. This behavior sets in due to the combined effects of impuri-
ties and spin-mixing mechanisms. On the other hand, when the I.(T") curve
exhibits an incipient 0-7 transition, the equal-spin triplet component is grad-
ually suppressed, becoming irrelevant in the limit case of a more standard
cusp-like 0-7 transition. This last situation corresponds to relative low values
of disorder and spin-mixing effects.

4.2 Formalism and model parameters

Figure 4.1: (a): Picture of the SFIS JJs 2D lattice model. The barrier
(highlighted in blue) has a total thickness L along x. The junction
width is W along y. The spin-mixing mechanism due to SOC is
depicted by the spin-flipping process highlighted at the interface
between the superconducting boundaries (red sites) and the barrier.
The impurities, with random strength depicted by the height of the
yellow potential peaks, are represented on each site of the lattice.
The exchange field h (violet arrow) is parallel to the z-axis, while
the hopping ¢ between nearest-neighbor sites is here represented by
pink arrows. (b): Sketch of the experimental NbN/GdN/NbN JJs
analyzed.

In this paragraph we briefly discuss the spirit of our lattice modeling that
we want to use for the description of the experimental systems considered,
consisting of NbN/GdN/NbN JJs.

Also in this case, the Josephson current at finite temperature and the pair-
ing correlation functions in s- and p-wave symmetry are derived from the
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Matsubara GF of the FI barrier (Eqs.(2.42)-(2.44)), calculated with the re-
cursive RGF technique [89-91], as illustrated in Chapter 2, where the SFIS
junctions are modeled by using a BAG Hamiltonian on a two-dimensional
(2D) lattice [68,89-91]. A schematic representation of the 2D lattice model,
in comparison with the sketch illustrating the structure of real experimental
systems, is reported in Fig.4.1; as usual we indicate with L the length of the
FI barrier and W the width of the junction expressed in lattice units, along
the z and y directions, respectively.

The Hamiltonian of the S leads is described by the parameters ¢t; and pus,
denoting the hopping integral among nearest-neighbor lattice sites and the
chemical potential, respectively. Relevant parameters of the barrier Hamilto-
nian Hpy, instead, are the hopping integral ¢, the Fermi energy pr; and the
amplitude of the spin-orbit interaction «, used to introduce a spin-symmetry
breaking {195, 196|, through the spin-mixing mechanism. Furthermore, we
include on-site random impurity potential with strength v, uniformly dis-
tributed in the range —Vimp, < vp < Vigyp. Finally, the exchange field is
assumed to be slightly disordered; we take it oriented along the z-axis, to-
gether with the corresponding small on-site fluctuations dy, given randomly
in the range —h/10 < §;, < h/10. Details on Hamiltonian parameters used
in the simulations can be found in Chapter 2.

However, here we explain the choice of parameters used in the theoretical
model, in comparison with the real experimental values found in the litera-
ture, typical of the systems analyzed.

All the energy parameters are expressed in dimensionless units where the
energy scale is the hopping t in the FI. The strength of the SOC, «, is scaled
by ta (with @ lattice constant), while the Josephson current is calculated in
units of Iy = eA.

Further, the presence of disorder requires the need to perform ensemble av-
erages over several samples to obtain the final I.(7) curves and correlations.
In particular, we use Ny = 50 — 100 samples to compute the average I.(T)
and Ny = 200 — 300 samples for the average correlation functions, depending
on the strength of Vi,

In our simulations, we fix t =1, upr =0, us =3, A = 0.005, h = 0.25. Fur-
ther, we note that NbN (S leads) and GdN (FI barrier) are characterized by
almost equal hopping parameters [197-199|, which are set equal t; = ¢ for the
sake of simplicity. The choice of assuming different chemical potentials for
the S and FI regions is made in order to model the experimental devices as
tunnel junctions with a ferromagnetic half-metallic GAN barrier, as experi-
mentally observed [200] and predicted by full atomistic simulations [201,202].
The estimate for the exchange energy h is chosen in agreement to the ex-
change field measured in several materials and is kept fixed to that of the
bulk GdN [187,191,198,199,203|. This is consistent with ¢ ~ 3eV and the
experimental constant lattice of GAN is aggy = 4.974 A [197-199].

In Tab.4.1 and Tab.4.2 we summarize the parameters used in simulations
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and the ones characterizing real systems, respectively.

When modeling the experiments, we use « as a measure of the spin-mixing
(i.e. the SOC strength) and it is chosen to be a = 0.04, unless otherwise
indicated. Although we choose a small spin-orbit field so that @ < h, it
breaks the spin symmetry at interfaces and is sufficient to cause the gener-
ation of long-range equal triplet-correlation pairs with total spin projection
S, ==+1.

The experimental JJs under study are characterized by a transverse area
of ~ 50um? and by a thickness varying from 2 nm to 4 nm [67]. In our
simulations, this is taken into account by considering systems with a width
larger than the length of the barrier (W > L). The numerical simulations
are performed on lattices characterized by L = 8 sites along the z-direction
and different values of width W of the junction, in the y direction, both ex-
pressed in units of lattice sites. Tunnel junctions experience an exponential
suppression of the critical current when increasing the barrier thickness [71].
In our model, this implies dealing with systems of few lattice sites, hence, we
choose L = 8 and keep it fixed in all the numerical simulations, in agreement
with the short-junction limit. However, the main effect of increasing the
experimental sample thickness (and so the magnetic area of the FI) consists
in enhancing the magnetic activity of the junction [66,67,83,194|. In our
model, we manage to mimic this effect by changing the flux of the exchange
field ®(h) = LW h through the JJ (by the means of the width of the barrier
W) and by tuning the impurity potential strength Vj,,, (thus, changing the
influence of disorder effects in the system). Therefore, we use these quanti-
ties as effective control parameters when modeling the peculiar behavior of
the I.(T') curve in each experimental device.

Table 4.1: Values of the parameters used in simulations.

Parameter Value (in units of ¢)
hopping in FI ¢ 1

hopping in SC t; =1t 1

SC gap A 5x 1073

exchange energy h 2.5 x 107!

exchange field fluctuations 6, —h/10 < &, < h/10
spin-orbit coupling energy a4 x 1072

chemical potential of FI 0

chemical potential of SC 3
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Table 4.2: Main experimental values, reported in the literature, describing the
analyzed systems.

Parameter Experimental value
junction area ~ 50 um?

barrier thickness 2—4nm

hopping GdN ~ 3eV

hopping NbN ~ 3eV

exchange energy h 0.5eV —1eV

constant lattice of GAN  aggy = 4.974 A

4.3 2D tight-binding model applied to spin-filter
JJs

In this section we present our results where, in particular, the simulated
I.(T') will be the benchmark for the comparison with the experimental data.
We focus our analysis on the NbN/GdAN/NbN JJs with FI thicknesses of:
drp = 3.0 nm, 3.5 nm and 4.0 nm. A sketch of the experimental samples is
reported in Fig.4.1 (b).

In the theoretical model, the combined effect of SOC and impurities in the
FI region efficiently mimics the presence of magnetic inhomogeneities in the
barrier, which are more likely to occur in devices with large areas [47,57],
as the junctions under study. This approach is meant to include all possible
effects occurring in the FI barrier, and it is a powerful platform to describe
a large variety of JJs.

In Figs.4.2 (a) to (c) we show the comparison between the experimental
thermal dependence of the critical current I.(7") for the junctions with GAN
barriers dp = 3.0 nm, 3.5 nm and 4.0 nm (black points), respectively, and the
simulations obtained with the tight-binding BdG lattice model (red lines).
In the insets, the measured saturation of the I.(7") down to 20 mK is also
reported. The error bars on the measured I. are of the order of 1% and
represent the statistical error due to thermally-induced critical current fluc-
tuations [192]. The amplitude of the simulated critical current has been
multiplied by the experimental I, measured at 20 mK.

As we can see, the experimental data evolve from a plateau over a wide
range of temperatures (a few Kelvins) observed for the junctions with GAN
thickness dp = 3.0 nm and dp = 3.5 nm into a non-monotonic I.(7") curve
for the junction with dg = 4.0 nm. The agreement between numerical out-
comes and experimental data is certified by the capability to reproduce the
unconventional plateau (Figs.4.2 (a) and (b)) and the non-monotonic behav-
ior (Fig.4.2 (c)). For the I.(T) simulations in Fig.4.2 we chose: (a) L = 8,
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Figure 4.2: Comparison between the experimental I.(T) for spin-filter junctions

with GdN barriers dp = 3.0 nm (a), 3.5 nm (b) and 4.0 nm (c)
(black points), and the simulations obtained with the tight-binding
BdG lattice model (red straight lines). In the insets of figures (a-c):
measured saturation of the I.(T") down to 20mK. In (d-f) the
corresponding calculated CPRs, at selected temperatures, are
shown. The CPRs have been normalized to the maximum value of
the current at 0.057,. The red lines in (a), (b) and (c) are the best
I.(T') curves obtained from the maximum of the CPRs calculated
with the 2D lattice model, with simulations parameters as reported
in the text. The color-gradient in (a), (b) and (c) depicts the
temperature range for the 0 state (light blue), the 7 state (light
red), and the width of the 0-7 transition region (yellow region),
obtained from the CPRs in (d), (e) and (f).

W =24, (b) L =8 W =28, (c) L =8, W = 32 (expressed in units of
lattice sites); moreover, we set Vjy,, = 0.150 for the simulated curve in (a),
Vimp = 0.185 in (b), and Vjp, = 0.115 in (c). Here, the presence of random
on-site impurities requires the need to perform ensemble averages over sev-
eral samples.

We notice that the Hamiltonian parameters, as well as the lattice size, have
no atomistic origin and are chosen to describe the main mechanisms that
are expected to occur in the experimental devices. Even though the lattice
size is scaled down compared to the experimental system, we think that our
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theoretical model gives qualitatively an accordance with the experimental
results as long as the model parameters are adjusted accordingly.

The main feature we can appreciate is that it is possible to relate the plateau
in the I.(T) curve to an overall broadening of a 0-7 transition in tempera-
ture. To make this aspect clearer, we also calculate the corresponding CPRs,
as illustrated in Figs.4.2 (d) to (f), where they have been normalized to the
maximum value of the current (Ipq, = mazr[l.(T)]) at T = 0.05T,. The
CPRs indicate that, at low temperatures, the JJs are in the 0 state (light
blue gradient region in Figs.4.2 (a), (b) and (c)), while at temperatures
above T = 0.77, the JJs are in the 7 state (red gradient region). Com-
pared to what has been theoretically and experimentally observed in 0-7
SFS and SFIS JJs [30,60,61,64], when the plateau is measured in the JJs
with dp = 3.0 nm and 3.5 nm in Figs.4.2 (a) and (b), the CPRs exhibit the
presence of higher order harmonics in the Josephson current for a wide range
of temperatures (yellow gradient region). The transition region is reduced
when the I.(T) curve gradually points towards a non-monotonic behavior, as
shown in Fig.4.2 (c). In all the cases reported in Fig.4.2, the O-7 transition
extends over a few Kelvins in temperature around 4.2 K, in agreement with
previous findings [83].

4.4 Analysis of pairing functions: the [.(T) as the
hallmark of singlet and triplet pairings weight

Let us now discuss the superconducting pairing correlations arising in the
systems analyzed in the previous paragraph.

In Fig.4.3, we show the amplitude of the correlation functions < |f| > de-
termined from numerical simulations for the three devices at T = 0.0257,
(corresponding to 0.3 K) and ¢ = 0, where ¢ is the phase-difference across
the device. The correlation functions are determined for the spin-singlet
(fo), spin-triplet with opposite spins (f3) and equal-spin triplet functions
(fy and f|), both in s-wave (Figs.4.3 (a), (b) and (c)) and p-wave symme-
tries (Figs.4.3 (d), (e) and (f)), as a function of the position in the lattice
along the x-direction, with index 5 = 1,--- , L. In order to assure the total
antisymmetry of the fermionic wave function, triplet superconductivity for
even-frequency pairing is conventionally of p-wave type [41,47,143|.

As shown in the following, for symmetry reasons here the dominant orbital
part in the triplet pairing channel happens to be of s-wave type. We use
<> to indicate the ensemble average, due to the presence of random on-
site impurities in the 2D lattice. All the cases show a dominant s-wave
singlet component fy at the superconductor/barrier interface that strongly
decays toward the middle of the barrier thickness. This is reasonable be-
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Figure 4.3: In (a), (b) and (c), the amplitudes of the ensemble average of the
s-wave correlation functions < |f| >, determined by numerical
simulations at temperature T' = 0.025T,, are shown as a function of
the lattice position in the barrier along the x direction (with index
j) for the junctions with GdN thickness dp = 3.0 nm, 3.5 nm and
4.0 nm, respectively. fo is the spin-singlet (black line and square
symbols), fs3 is the opposite-spin triplet (red line and circles) and f;
(f)) is the equal-spin triplet with up (down) S, projection (blue line
and up-triangle symbols, and green line and down-triangle symbols,
respectively). In (d), (e) and (f), we show the same correlation
functions components for the p-wave symmetry. Both s- and p-wave
data are reported on a log-scale.

cause the sides of the Fl-layer are attached to the superconducting leads
with a usual Bardeen-Cooper-Schrieffer (BCS) s-wave symmetry [182] and,
due to the proximity effect, the singlet pair wave function enters the bar-
rier. In the middle of the barrier (lattice position j = 4), where the spin
mixing and the exchange field effects take place, a competition between the
s-wave triplet and singlet pair amplitudes arises. On the contrary, for the
p-wave case, the singlet component fy turns out to be much lower than the
corresponding s-wave one. At the same time, we may observe a prevalence
of the zero-spin p-wave triplet component f3 at the superconductor/barrier
interface, while in the middle of the barrier thickness the spin-aligned triplet
correlations become relevant. These results are justified by symmetry con-
siderations [19,47,87,143|. Indeed, for the s-wave symmetry, the singlet is an
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Table 4.3: S- and p-wave symmetry spin-correlations. Ensemble average
of the pair-correlation amplitudes (| f]) in both s- and p-wave
symmetry for JJs with GdN thickness dp in units of the major
zero-spin component: the spin-singlet fy for the s-wave correlations
(A) and the zero-spin triplet f3 for the p-wave correlations (B).

(A) s-wave (B) p-wave

dp (nm)  fr/fo  fi/fo fs/fo Wi Ils folfs
3.0 4.21 3.23 1.28 0.74 1.00 0.32
3.5 0.34 0.80  0.78 0.67 0.84 0.14
4.0 0.11 0.15  0.20 0.51 0.60  0.06

even-frequency function, while the triplets are odd-frequency. The viceversa
is valid for the p-wave case.

The dr = 3.0 nm-thick barrier junction exhibits s-wave triplet correlations
functions larger than the singlet one, with a major contribution provided by
the equal-spin triplet component with S, = +1, f; (Fig.4.3 (a)).

For what concerns the p-wave spin-correlation functions for this device, f3
provides the main contribution at the borders, while f| competes with f3 in
the middle of the barrier (lattice position j = 4), as shown in Fig.4.3 (d).
Moreover, the opposite and equal-spin p-wave triplet components are nearly
a factor 2 larger than the corresponding s-wave singlet component.

By increasing the thickness of the barrier, thus gradually pointing towards
an incipient 0-7 transition with a non-monotonic behavior in the I.(T") curve,
in the s-wave cases we can observe a progressive suppression of the equal-
spin triplet components and a dominant spin-singlet channel. At the same
time, in the p-wave case, we observe a slight reduction of the ratio between
the equal-spin triplets (f; and f)) and the major zero-spin component ( f3).
Thus, the p-wave opposite spin-triplet components are of the same order of
magnitude compared to the corresponding s-wave spin-singlet component,
while the equal-spin triplet components are instead reduced.

In Tab.4.3, we summarize the values of the pair-correlations in the middle of
the barrier thickness (lattice position j = 4), in units of the majority zero-
spin component, i. e. fy for the s-wave (Tab.4.3 A) and f3 for the p-wave
cases (Tab.4.3 B), respectively.

The analysis of the superconducting pairings induced in these systems shows
that a connection between the amplitude of the different correlation func-
tions, especially those with s-wave symmetry, and the I.(7") behavior can
be observed. In particular, we found that the characteristic plateau struc-
ture can be noticed only when considering a combined effect of SOC and
impurities, once fixed the dimensions of the system. As it is shown for the
SFIS JJ with dp = 3.0 nm in Fig.4.2 (a) and Fig.4.3 (a), the formation of
the plateau goes along with the coexistence of comparable spin-singlet and
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triplet superconductivity.

Thus, in this perspective, fitting of experimental I.(7T") curves allows to iden-
tify the coexistence of spin-singlet and triplet transport and quantify the
weight between the different transport channels.

4.5 Analogy between the effect of an external mag-
netic field applied to the experimental samples,
and the compresence of SOC and impurities in

the model
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Figure 4.4: Tuning of the thermal behavior of the critical current in the
presence of an external magnetic field. Normalized critical current
I.(T,H/H,)/I.(0.3 K, H/Hp) density plots as a function of the
percentage of magnetic field periodicity H/Hy and the temperature
T , for the JJs with GAN thickness (a) dp = 3.0 and (¢) dp = 3.5
nm. Blue, red and green lines refer to the cross sections reported in
(b) and (d). The white dashed arrows in (a) and (c) are a guide for
the eye and highlight the shift of the minimum in the
I.(T,H/H,)/I1.(0.3 K, H/Hp) by increasing H/Hy.

In order to investigate the peculiar transport properties characterizing these
systems, in this paragraph we propose a study on possible analogy be-
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tween the effect of an external magnetic field applied to the experimental
NbN/GdN/NbN junctions and the combined presence of SOC and nonmag-
netic lattice impurities in the theoretical model.

From the experimental side, the I.(7) response to an external magnetic field
applied to the samples in the plane of the JJs (specifically along the z di-
rection) has been probed. In Fig.4.4 the evolution of the normalized critical
current I.(T, H/Hy)/1.(0.3 K, H/Hy) as a function of a weak magnetic field
H/Hy is shown, where Hy is the amplitude of the first lobe of the Fraunhofer
pattern curve, acquired by applying the magnetic field from +2.4 mT to —2.4
mT. Hy is estimated at each investigated temperature T (from 7' = 0.3 K
to T'= 8 K). The results are reported in Fig.4.4 in the two density-plots (a)
and (c) for the junctions with dp = 3.0 nm and 3.5 nm, respectively.

We can notice that, increasing the field H/Hj, the plateau structure at
zero field previously illustrated in Figs.4.2 (a) and (b) evolves into a non-
monotonic behavior with a minimum (dark region around 70-80% Hy and
between 2 and 4 K) and a maximum (bright region around 70-80% Hy and
between 4 and 6 K). The effect appears more pronounced for the JJ with
dr = 3.0 nm (a). The blue, green and red dashed line cuts are related to
the cross-section curves reported in Figs.4.4 (b) and (d), where the grad-
ual appearance of an enhanced dip and a non-monotonic behavior in the
normalized I.(T") curves can be observed by increasing H/Hp. The error
bar on each measured point is of the order of few percents and it is due to
thermally-induced I. fluctuations [192].

Even if the strength of the external magnetic field is not enough to generate
a complete magnetic ordering, slight modifications in the microscopic struc-
ture of the barrier arise [204]|, which has been already predicted to occur
in systems with tunable domain walls [205], intrinsic SOC [206] and mag-
netic impurities [176]. At zero field, the magnetic disorder is maximum and
likely introduces electronic defect states in the barrier [207]. As the field
increases, the system undergoes towards a more ordered phase, and hence
defect states density reduces. Therefore, the tunability of the I.(T) shape
from the plateau towards a non-monotonic curve by applying an external
magnetic field can be related to a reduction of the disorder in the barrier.

This picture exhibits an analogy with numerical simulations obtained when
changing the strength of the impurity potential in the 2D lattice model
while keeping fixed all the other parameters. In particular, it is worth to
notice that, in the model, we do not include the Peierls phase in the hopping
parameters due to the external magnetic field, nor we study the dynamics
of the magnetization in barrier. It would include extra complications that
are not justified in this analysis. The main point here is that our samples
have a ferromagnetic tunnel (FI) barrier. Qualitatively, the main role of
the external field in these samples is to trigger the magnetic ordering in
the GdN layer. Within our model, this effect is qualitatively accounted
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by reducing the impurity scattering in FI layer in the presence of SOC.
Local impurity potentials in the FI barrier are assumed to induce small
site-dependent fluctuations of the chemical potential. In our approach, the
coexistence of spin-mixing mechanisms, promoted by SOC-like interactions,
and on-site impurities, model the magnetic disorder.

We show the result of the interplay of these effects in Fig.4.5 (a), illustrating
the simulated I.(T") for different Vjy,, values. Here, the current is normalized
to the maximum of the CPR at the lowest investigated temperature 7', while
T is normalized to the critical temperature 7.

We can notice that the characteristic 0-m behavior is modified by increasing
the impurity potential V;,,,. The enhancement of the impurity strength
produces a shift of the minimum of the curve towards lower temperatures and
higher critical current values, with a consequent broadening of the typical
0-7 cusp that progressively gives rise to the plateau. Viceversa, decreasing
Vimp, one can recover the 0-m transition.

In Figs.4.5 (b)-(g) we finally report the s- and p-wave correlation functions
corresponding to simulated I.(T") curves for different impurity potentials
Vimp 10 (a): Vimp = 0.150, Vipyp = 0.115 and Vi, = 0.025. We here take as a
reference the JJ with dp = 4.0 nm, i.e. the simulations for lattice dimensions
L =8, W = 32. While the p-wave components appear to be approximately
unaffected by disorder (Figs. 4.5 (e)-(g)), for the s-wave symmetry the effect
of increasing the impurity strength V;,,,, results in a pronounced enhancement
of the equal-spin triplet pairing correlations, f; and f| (Figs.4.5 (b)-(d)).
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Figure 4.5: (a): Simulated I.(T") for three different impurity potential Vi,
values: Vi, = 0.025 (green curve), Vi, = 0.115 (red curve) and
Vimp = 0.150 (blue curve). The current is normalized to the
maximum of the current-phase relation at the lowest investigated
temperature T', while T is normalized to the critical temperature T..
Calculated s-wave ((b), (c) and (d)) and p-wave ((e), (f) and (g))
ensemble average of the pair amplitude < |f| > in arbitrary units for
different impurity potential values V., in (a). fo is the spin-singlet
component (black line and square symbols), f3 is the opposite-spin
triplet component (red line and circle symbols), f+(f}) is the up
(down) equal-spin triplet component (blue lines and up-triangle
symbols, and green lines and down-triangle symbols, respectively).
Both s- and p-wave data are reported on a log-scale.
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Expanding the range of parameters describing the SOC and impu-
rities strength

To get a deeper understanding of the combined effect of impurities and the
SOC in these systems, here we show how they affect the I.(T) shape, ex-
panding the range of values of these parameters in our simulations. The
results are presented in Fig.4.6. Lattice dimensions are L = 8, W = 32, i.e.
they refer to the JJ with dp = 4.0 nm. To accomplish the I.(T') diagram, we
select the following values for a and Vjy,,: from panels (a) to (d), (e) to (h),
(i) to (1) and (m) to (p), Vimp = 0.025, 0.115, 0.150, 0.250, respectively, and
from panels (a) to (m), (b) to (n), (c) to (o) and (d) to (p), @ = 0.2, 0.1, 0.07,
0.04. In all the panels, the I, (y-axis) is normalized to its value at the lowest
temperature, i. e. 7' = 300 mK, while the T" (z-axis) is normalized to the
critical temperature T, of the device. The scale on the y-axis on each plot
ranges from 0 to 1.1, as on the z-axis. Minor ticks represent an increment
of 0.1.

In Fig.4.6 we can notice that for small values of a and Vjy,, (bright red-
and blue-scales), the simulated I.(T") curve shows a cusp-like 0-7 transition,
provided that the exchange field h in the junction is non-zero, as it occurs
in SFS JJs tipically reported in the literature [30,60,61,64]. By increasing «
(dark red-scale), the main effect is to reduce the height of the second maxi-
mum in the I.(7) curve, without recovering the plateau structure observed
in SFIS JJs. At very large « (see panel (a) in Fig.4.6), the 0-7 transition is
washed out and an AB-like shape sets in, stabilizing a 0 phase. In this case
the main contribution is expected from the spin-singlet, though the spin-
triplet correlations are increased compared to the cases with smaller a. At
the same time, by keeping the spin-orbit field weak and by increasing Vi,
(dark blue-scale), the minimum of the O-7 transition occurs at higher crit-
ical current values and it is broadened in temperature, but always showing
a non-monotonic trend for the I.(T). In the limit of large Vi, (see panel
(p) in Fig.4.6), the O-7 transition is shifted towards very low 7' values, sta-
bilizing a m phase almost over the whole temperature range. This evidence
is given by the sharp decrease of I. when the temperature drops. In this
regime, in agreement with Fig.4.5, we predict an enhanced contribution of
the s-wave spin-triplet components due to the interplay of SOC and disor-
der. In the limit of large Vj,, and « (see panel (d) in Fig.4.6), an AB-like
behavior is recovered. This latter corresponds to a stable 0 phase, reflecting
the fact that, in the competition between SOC and impurity scattering, the
equilibrium state is dominated by «. This also confirms the presence of a
threshold value of « (at fixed value of h), above which the JJ is always in
the 0 phase [90,148|.
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Figure 4.6: Competition between the SOC and the impurity potential and their

effect on the temperature behavior of the critical current.
Normalized I. vs. temperature T curves as a function of the SOC
strength o and the on-site impurity potential Vj,,,. Red-color scale
refers to increasing values of «, while blue-color scale refers to
increasing Vi, values. In (a) a = 0.2, Vi, = 0.025; (b) ao = 0.2,
Vimp = 0.115; (¢) o = 0.2, Vipnp = 0.150; (d) o = 0.2, Vi, = 0.250;
(e) a=0.1, Vipyp = 0.025; (f) a = 0.1, Vipp = 0.115; (g) « = 0.1,
Vimp = 0.150; (h) a = 0.1, Vip,p = 0.250; (i) o = 0.07, Vipp = 0.025;
(j) @« =0.07, Vipmp = 0.115; (k) a = 0.07, Vipp = 0.150; (1) o = 0.07,
Vimp = 0.250; (m) a = 0.04, Vi = 0.025; (n) o = 0.04,

Vimp = 0.115; (0) a = 0.04, Vjyp = 0.150; and (p) a = 0.04,

Vimp = 0.250. In all the panels, the I. (y-axis) is normalized to its
value at the lowest temperature, i.e. T = 300mK, while the T'
(z-axis) is normalized to the critical temperature of the device T.
We also highlight in panels (a), (d), (j) and (p) the state of the
Josephson junction: 0, 0-7 or 7.
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4.6 Conclusion

In this chapter we have investigated on the occurrence of the unconventional
thermal dependence of the critical current I.(7") observed in spin-filter JJs,
in order to achieve a deeper comprehension of singlet and triplet transport
phenomena that can take place in these devices.

In particular, the theoretical results show that the characteristic behavior of
the I.(T) is related to the amplitude of the different spin-correlation func-
tions, especially those with s-wave symmetry. We found that the presence
of a plateau extended over a wide range of temperatures and the peculiar
non-monotonic behavior in the I.(7) when increasing the thickness of the
barrier can be explained in terms of the coexistence of spin-singlet and triplet
superconductivity, whose correlation functions have been calculated by using
a 2D tight-binding BAG description of the system [89-91].

Specifically, we observe a general decrease in the relative weight of the s-
wave equal-spin triplet components (fy and f|) in the junctions that show
an increasing non-monotonicity of the I.(7") curves. Hence, the more I.(7T)
exhibits a behavior approaching the 0-7 regime, the lower is the weight of
the s-wave equal-spin correlations. This is in agreement with the fact that
spin-aligned supercurrents are insensitive to exchange field and, thus, cannot
give rise to 0-m transitions.

In addition, this approach highlighted also the role played by the disorder in
the barrier. At the same time, the presence of a spin-mixing effect, in this
context provided by the spin-orbit interaction, is crucial to reproduce the
characteristic plateau in the I.(T") curves.

As further analysis, we proposed a study on the analogy observed between
the response of the experimental samples to the application of an external
weak magnetic field, and the role of SOC and impurities in the theoretical
model. We have shown that a transition between the peculiar plateau-shape
of the I.(T') curve towards an incipient 0-7 curve is experimentally observed
when increasing the strength of the external magnetic field. In this analy-
sis, qualitatively we assume that the main role of the external field in these
samples is to trigger the magnetic order in the GdN layer. Although in our
model we do not include the Peierls phase in the hopping parameters, nor we
study the dynamics of the magnetization in barrier, we qualitatively mimic
the role of the external magnetic field by reducing the impurity scattering in
the FI barrier in the presence of SOC.

In our investigation, by exploring a wider range of o and Vj,,, parameters,
we found that the position in temperature of the I.(7") dip turns out to be
an important benchmark relating the 0-7 transition induced by the applied
magnetic field, to the combined effect of impurities, exchange field fluctu-
ations and spin-orbit coupling in the simulations. We found that for weak
on-site impurity potential Vjy,,, by increasing «, the minimum of the I.(T)
curve occurs at the same temperature. Instead, when increasing Vi, the
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minimum is shifted in temperature, as it occurs in the experimental I.(T)
curves at a finite external magnetic field.

In conclusion, this jointed experimental /theoretical analysis provides a good
description of the coexistence and tunability of singlet and triplet transport,
where the ability to describe the combined effect of magnetic inhomogeneities
and disorder in complex barriers, with clear benchmarks on the phenomenol-
ogy of the junctions, can be of reference for a variety of structures.



Chapter 5

General conclusion

This dissertation has been devoted to the analysis of transport properties and
novel aspects of proximity effect in Josephson junctions made of ferromag-
netic insulator barrier in the presence of spin-orbit interaction, exchange field
fluctuations and nonmagnetic disorder. We consider tunneling through a spin
filtering ferromagnetic barrier in the insulating regime [62,63,66—69, 148|,
while most of experiments and theoretical studies carried out so far have
been limited to systems containing metallic ferromagnets [15,17,19,47,56,57].
From an applied perspective, the advantage of using such SFIS junctions in
superconducting circuits resides in the intrinsically non-dissipative nature of
the tunnelling process in these systems, which can led to overcome issues of
dissipation-driven decoherence [60-65].

The numerical studies carried out in this work were performed by using a
two-dimensional (2D) Bogolioubov de Gennes (BdG) tight-binding model
[68,89-91], where the induced superconducting correlations and the Joseph-
son current are extracted from the Green’s function of the barrier, which was
constructed by using the recursive Green’s function procedure [89-91, 94].
This approach is particularly suitable to obtain information about transport
properties of the system under consideration on the atomic scale, thus pro-
viding a site-by-site description of the order parameter inside the barrier and
near the interfaces.

Due to spin-triplet character of the Cooper pairs formed in such heterostruc-
tures, the physical mechanisms at interfaces offer a rich scenario of phenom-
ena, including the observation of transitions between the 0 and 7w phase
[15,17,19,28,69,82| and the formation of long-range triplet superconductiv-
ity [15,19,47,48, 54,8588, 186].

The first part of the work collocates in the wide scenario of possibilities of-
fered by the promising application of the 7 junctions, as key ingredients that
open up new horizons in superconducting electronics [39, 40,64, 76-81].

A description as close as possible to the nature of the real samples allows an-
alyzing new ways to control the realization of 7w junctions and the switching

91



92 CHAPTER 5. GENERAL CONCLUSION

between the 0 and 7 state. In particular, in this work we have theoreti-
cally shown how the interplay between spin-orbit coupling and nonmagnetic
disorder may be exploited for the engineering of fully tunable 0-7r SFIS JJs
which can be switched between the 0, 0-7 , and 7 regimes. By analyzing the
critical current behavior as a function of temperature and the correspond-
ing current-phase relation, we pointed out the role of SOC in driving the
switching between 0-m and 0 regimes and the capability to induce 0-7 to 7
conversions by adding disorder to the system, illustrating the possibility to
build up a fully controllable device [148|. This features are highly desirable
in many applications and may provide physical and technical bases for real-
izing novel superconducting quantum circuits, as memory elements [72-75]
and superconducting qubits [39,40,64, 76-81].

In the second part of this work, we focused on the pairing mechanisms arising
in such SFIS junctions and used the microscopic theoretical model to study
real NbN/GdN/NbN samples [68]. On the latter, measurements of the crit-
ical current as a function of temperature were performed. The measured
1.(T) showed a peculiar behavior, characterized by uncommon plateaus or
local minima in the curves, which led us to ask whether these characteris-
tic trends could be a possible manifestation of the triplet nature of trans-
port phenomena. The joint theoretical analysis has provided a better and
more complete understanding of the physics governing these systems, allow-
ing to find the relevant parameters and identifying the presence of possible
spin-sensitive proximity effect in such SFIS JJs, by comparing the simulated
thermal behavior of the critical current with the experimental outcomes and
then, by calculating the corresponding correlations functions in the simulated
devices. Specifically, we have shown that the presence of a plateau extended
over a wide range of temperatures and the peculiar non-monotonic behav-
ior in the I.(T) is due to the combined effect of impurities and spin-mixing
mechanisms, and can be explained in terms of a non-negligible triplet super-
conductivity contribution in these systems, which coexists with the conven-
tional singlet-type one. These results suggest that these kinds of junctions
may work as spin filtering devices, benefiting from the capability to generate
controllable spin-polarized supercurrents with a single ferromagnetic layer,
compared to magnetically textured JJs.

To deepen our analysis, we have also compared the outcomes deriving from
the application of an external magnetic field to the experimental samples
and the role of spin-mixing and disorder effect in the theoretical model. In
our case, these latter mimic the magnetic ordering provided by the exter-
nal magnetic field, allowing to find a relation between the effects resulting
from the slight modifications arising in the microscopic structure of the bar-
rier [176,204-206] and the compresence of impurities, exchange field fluctu-
ations, and spin-orbit coupling in the simulations.

Therefore, these systems may be used as a reference to classify peculiar fea-
tures in a variety of structures and help orient experiments. Our study, in
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fact, provides a more complex and realistic description of the thin ferromag-
netic insulator barrier, which is necessary to progress towards the realization
of functional interfaces for extremely advanced devices.



Appendix A

Hamiltonian and GF of the striped system

In this section we illustrate the preliminary steps preceding the application
of the RGF technique for the solution of Gor’kov equation (Eq.(2.31)), that
we can summarize as follows:

e definition of the Hamiltonian matrix of a single stripe;

e definition of the Hamiltonian matrix of the whole barrier (once all the
single stripes have been defined);

e calculation of the GF matrix structure of the single stripe;

e calculation of the GF matrix structure of the whole barrier;

definition of the surface GFs of the left and right superconducting leads.

We recall here that we denote with L the length of the barrier (along the
x-direction) and with W its width (along y), as defined in Chapter 2.

Thus, we begin by defining the Hamiltonian of a single stripe. For simplicity,
we can take as an example a generic two-site stripe, i.e. when the width of the
lattice is W = 2, in the clean situation. By using the following representation
i = CJ{T’CL,’CEWC;VCYT’Cl¢702T762¢}’ we can write the 4W x 4W stripe

matrix Hamiltonian in the Nambu ® spin space as

94
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—pu+h 0 —~t, day 0 A 0 0
0 —pn—h iy —ty A 0 0 0

—t, —iay —p+h 0 0 0 0 -A
—i0y —ty 0 —-u—h O 0 A 0

Hitripej = 0 A 0 0 pu—h 0 ty oy (A1)

—A* 0 0 0 0 p+h oy ty
0 0 0 A* ty —tay w—h O

0 0 —A 0 —iay t, 0 pu+h

where t, and «, are, respectively, the hopping and SOC parameters between
sites in the same stripe; t, provides the particle a non-zero probability of
hopping from one site to one of the nearest neighbors. At the same time «,
provides the hopping from one site to one of the nearest neighbors with a
change in its spin. Hence, the spin-orbit interaction generates spin-mixing
effects. Note that in the description of the model presented in the Chapter
2 we considered the hopping and SOC constants equal for both x and y
directions (i.e. oy = oy = and t, =t, =1t).

From the general form of the stripe Hamiltonian expressed by Eq.(A.1), we
can deduce that the Hamiltonian describing a superconducting stripe (under
the assumption of having no magnetization neither SOC within S) can be
obtained by setting h = 0 and «, = 0, while for a normal stripe in the
presence of exchange field and SOC we choose A = 0.

The next step consists of the introduction of the Hamiltonian describing the
whole barrier. In particular, this requires taking into account the interactions
that couple sites belonging to different stripes, between nearest-neighbor sites
along the z-direction. Since this is a nearest-neighbor tight-binding model,
only "horizontal" hoppings are allowed. In our description of the barrier
in terms of stripes, we include all these scattering processes by using the
AW x AW matrix T* connecting adjacent stripes and defined by Eq.(2.33),
that we report here for convenience

—t Fa 0 0
+a -t O 0
™==1... ... ... . ., (A.2)
0 0 ... t =«
0 0O ... Fa t

meaning that the 7% matrices couple in the same way all the adjacent stripes,
from the left- and right-hand side, respectively.
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At this point, we can define the Hamiltonian matrix of the whole barrier as

Hstm’pe 1 T+ 0 0
[~ T [+
Y = T HstvmpEZ T 0 (AB)

0 T Hstm'pe 3 T+

In particular, since the length of the barrier is L, H consists of L rows and
L columns. Each element is a 4W x 4W matrix, hence, H results to be a
AW L x 4W L matrix.

Therefore, in order to model the barrier of a Josephson junction, we will use
Eq.(A.3) by setting A = 0.

Let us now discuss the third point of the list we have mentioned at the
beginning of this section, namely the definition of the structure of the GF
matrices, by starting from the GF of the single stripes.

We can formally define the GF of the single isolated stripe in the Matsubara

. . N -1 . .
representation as G(]J-,j(wn) = [iwnl — Hj({j} , where H]Q’j = Hgpripej is the
e_. © ) [}
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Figure 1: Schematic representation of propagators that will be used to construct
the GFs of the stripe. This example refers to the case of 2 sites within
the stripe (W = 2).
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Hamiltonian of the j-th stripe, i.e. the j-th diagonal element of the Hamil-
tonian in Eq.(A.3). é?,j consists in a 4W x 4W matrix in the Nambu ® spin
space. With a similar notation, we indicate with Gj,j the GF of the j-th
stripe when connected to both the S leads.

Furthermore, for our explanation, we indicate with Gk,k/ (withk, k' =1,--- | W)
the possible different propagators between sites within the considered stripe.
As before, let us consider as an example a single stripe formed by 2 sites
along the y-direction (i.e. W = 2). In this case, as schematically illustrated
in Fig.1, we can identify four different propagators sz,kz’ (with k, k' = 1,2):
G’Ll, G‘l,g, (;271, G‘g’g. Each of these has a 2 x 2 block structure, where, in
particular, we can identify four different principal blocks: G, F, —Ff, —-G1.
Then, in turn, each block is a 2 x 2 GF matrix in the spin space.

At this point, by rearranging the 2 x 2 blocks, we can proceed with the
construction of the GF describing the whole stripe, whose schematic repre-
sentation is illustrated in Fig.2; here, the constituent 2 x 2 blocks of each
certain G’Wd matrix are represented by elements with the same colors.

In this context, it is interesting to notice that both the GFs representing the
propagators th/ and the whole stripe exhibit the same structure in terms
of the four principal blocks G, F, —F', —G'. Indeed, for the GF matrix
describing the stripe, we can distinguish four 2W x 2W macro-blocks (de-
picted by the grey areas in Fig.2).

This way of representing the GFs is useful in the calculation of the correla-
tions functions at a certain stripe within the barrier and, at the same time,

e (— - N . N\
+ G11 G132 Fiq Fiy
€1l
ch - A " -
Goq Gy, Fa1 Fy
+
x c
=
C11 . N N
—ET —ET Gt ~Gl
¢l 11 12 11 12
= ot At t
_F21 _FZTZ _621 _G

Figure 2: Block representation of the single-stripe Green’s function for a stripe
with 2 sites along y-direction. Different colors stand for different

propagators C?l,l, 6172, 6271, 6272, whose structure is depicted in
Fig.1. This scheme shows how we construct the GF of the single stripe.
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provides a graphical explanation of the application of RGF method.

Once we have the GF of the stripes, we can reconstruct the GF of the whole
barrier, by applying the RGF technique and using as input the surface GFs
of the left and right superconducting lead, as illustrated in Chapter 2.

The GF of the barrier will be represented by a tridiagonal matrix with the
GFs of the stripes éj,j as diagonal elements and the GFs that connect each
stripe with the adjacent ones G’Mﬂ on the lower and upper diagonal.

In Fig.3, we give a pictorial representation of the GF structure of the whole
junction, where the two highlighted blocks represent the surface GFs de-
scribing the S leads, which we calculate separately as illustrated in Chapter

2.
G(mw[/- ] p - \

~ Y
51 1 ((Un) (712 ((Un)
[ ] : \ [ ]
. S/
Gy1(wy) G (wy)

o S

________________ e
N &%

Figure 3: Block representation of the SFS junction GF. Each block consists in a
4W x 4W matrix. With Goo and G41,r+1 we indicate the surface
GF of the left and right S lead, respectively.




Appendix B

Surface Green’s function of a semi-infinite normal
lead

Green’s functions of certain lattice systems can be obtained in analytical
form, as in the case of semi-infinite lattices [94]. In the study of systems
made up of two leads and one central device, e.g. the Josephson junctions,
the two electrodes are usually modeled by semi-infinite lattices. In view of
this, to be thorough, in this section we give a derivation of the surface GF of
a semi-infinite normal lead, following the Ref. [94]. The extension of these
calculations to the superconducting case is rather complicated and, there-
fore, in this work we only reported the results of Ref. [89].

The 1D chain

O—O0—"—0——~C0C0-C0C——

m0+1

Figure 4: The semi-infinite 1D linear chain, starting at site mg and extending
infinitely to the right. ¢ is the hopping parameter between
nearest-neighbor sites.

Let us start by considering the case of one dimensional (1D) tight-binding
Hamiltonian of a semi-infinite linear chain including nearest neighbor hop-
ping; here we consider that the chain terminates at longitudinal site mg, and
extends infinitely to the right, along the x direction, as illustrated in Fig.4.
Thus, we define the Hamiltonian of the semi-infinite 1D chain as

99
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(0.9}
Hiemi — Z €mCh Cm + 17 eyt + (7Y ) et (B.4)
m=mg
2_:; a% is the hopping parame-
ter between nearest-neighbor sites, considered the same all along the chain.
Here, a, is the lattice constant in the x direction and m* is the electron
effective mass; in particular, such a form of the hopping parameter ensures
to recover the free-particle case in the continuum limit.

The Hamiltonian in Eq.(B.4) is written in second quantization using the

where €, is the on-site energy and t' =t =

fermionic site creation (annhilation) operator ¢, (cIn), obeying the following
anticommutation relations: {cy,, cin/} = b/, {ij cin,} ={¢m,cm'} =0.
For the Hamiltonian in Eq.(B.4) the eigenvalue problem may be written as
Hiomigh, = EFel,, which substituted in Eq.(B.4) gives

g + 1Py — (B —2t) ¢ = 0. (B.5)

We can choose as solutions the normalized real-space eigenstates

ok = \/Esin(u(m —mg+1)), (B.6)

obtained by imposing the hard-wall boundary condition at the left end of
the chain: fno—l =

Then, substituting Eq.(B.6) into Eq.(B.5) we obtain the energy dispersion
relation relative to Eq.(B.4)

EF = —2t(1 — cos 1) = €y + 2t cos (B.7)

where we introduced the variable p = kb - a,, as the product between the
wave vector and the lattice constant in the longitudinal direction.

At this point, we can define the Green’s function of the semi-infinite 1D
linear chain as

Gin (D))"

0 B.8
E —Er+in’ (B#)

s
G(m,m',E) = / dp
0
where 7 is an infinitesimal real positive quantity which is needed for conver-
gence reasons.

Considering that we want to calculate the surface GF at site m = m/ = my,
the Eq.(B.8) becomes
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2 [T sin?
mo(E) = — dyp ——. B.
Go(B) = = [ (B9)

The elliptical integral in Eq.(B.9) can be solved by application of the residue
theorem in the complex plane, integrating on the unitary circle. To do this,
we firstly perform the following change of variables

; 1
e =w, dy=—dw, (B.10)
iw
which allows us to write the Eq.(B.9) as
1 (w? —1)2 1
Gy = d B.11
MO ot / YT wk— 2w 1] ( )

where we have defined b = W

The integrating function in Eq.(B.11) has a double pole at wy = 0 and two
single poles at w12 = b F vVb> — 1. Because only w; is within the chosen
integration path (i.e. the unitary circle), we can apply the residue theorem
as follows:

Gy = ﬁ 27i [Res(f,w1) + Res(f,wo)] , (B.12)

where

o (w?=1)2% 1 (wf — 1)
-] =
Res(f,w1) = lm g5 wy  wi(wy — wo)
(B.13)
d  (w—1) Wi+ w2

R = Jim - N '
es(f,wo) wglwodw(w—wl)(w—wﬂ w} +wj

Therefore, after substituting w; 2 and a few algebraic steps, we obtain

Gy = % (b — V2 - 1) . (B.14)

Since we are mainly interested in retarded Green’s functions, when express-
ing G, in Eq.(B.14) in terms of energy we have to take into account the
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requirement I'm G(E) < 0 in the limit of n — 0. Thus, after substituting
E —e€n

b= T we can rewrite the surface GF of the 1D semi-infinite chain as
E—c 1
(2t2m)+2t2 (E—Em)2—4t2, fOI'E—GmS—Qt
E—c
Gmo(E) = ( oz m) ~ 52 \/4t2 — 6m)2, for |E — €| < 2t
(E —em) 1
Tf—ﬁ\/(E—em)Q—élt% for E — €, > 2t

(B.15)

The 2D lattice

We can generalize the procedure explained in the case of the 1D semi-infinite
chain to the 2D tight-binding lattice (Fig.5). Thus, denoting with = the
longitudinal direction, parallel to transport, and with y the transverse one,
the general form of the lead Hamiltonian is then given as [94]

Hsemz Z Z Emncmncmn + t jnncm+1,n+
m=mon=1 (B.16)

tgrjnncjnncm,nJrl + (t?_l’n)* Cj;rmcmflﬂ + (t;n,n—l)* C;rnncmynfl]

where m and n are, respectively, the indices of the lattice position in the
longitudinal and transverse direction, ¢7*" (¢7*") is the hopping energy onto
site (m,n) from its longitudinal = (transverse y) neighbor and, lastly, €,
represents the on-site energy [94]. As for the 1D case, we properly define the
hopping energies as

_ K2
to = gmeas
(B.17)
t, = =21
Yy Zm* a2)

where a, (ay) is the lattice constant in the x (y) direction and m* is the
electron effective mass.
Again, we consider the hopping energy uniform along each direction, namely
=t (t;”” =t,). This choice corresponds to consider an equally spaced
grid in both directions.
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Figure 5: The semi-infinite 2D lattice, with site indices n =1,--- , N and
m = mg,---,00. t; and ¢, are the hopping parameters between
nearest-neighbor sites in the xz and y direction, respectively.

At this point, we start solving the time-independent Schrodinger equation
to obtain eigenvalues and eigenstates of our system. For the Hamiltonian in
Eq.(B.16) the eigenvalue problem may be written as :

HEOm Q) = B ) (B.18)

where p and v are respectively the longitudinal and transverse quantum
numbers of the system, and E*¥ is the energy measured with respect to the
bottom of the conduction band.

The eigenstates may be expanded as follow

’\I’MV Z umn mn (Blg)

where |0) is the vacuum state and the expansion coefficients are given by:
Unn = (0] ¢inn | ¥#Y). Substituting Eq.(B.19) in the Eq.(B.18), we find a set
of coupled equations for the coefficients ulyr,

Y 24 * ) MY My _ [ pv
tw m—1,n + tﬂ@um—i—l,n + tyum,n—l + tIum,n—i—l - (E gmn) Umn 5 (B2O)

where we are we implicitly assuming m > mg. As a further simplification,
we suppose that the eigenvalue problem has a separable solution. Hence, we
can divide the dependence on the indices (m,n) and (u,v) in the expressions
for the eigenvalue energies E*¥ and coefficients ul,,

U, = P * X EW = BV + EY, (B.21)

where ¢, and x% represent the longitudinal and transverse wave function,
respectively.
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Therefore, the Eq.(B.20) splits into longitudinal and transverse parts:

tadh 1 Ftadh 1 — (B* —2t,) ¢ =0
(B.22)

tyXn—1 + tyXns1 — (B = 2t,) x5, = 0.

As for the 1D chain, also for the 2D semi-infinite lattice, in order to find
a solution for ¢}, and %, we choose functions that satisfy the hard-wall
boundary conditions, i.e. the wave-functions must vanish at the left-end
m = mg — 1 and at the lateral edges of the lead n =0, n = N + 1. Hence,
in addition to the longitudinal wave function we have also used in the 1D
case P, = \/g -sin (u (m —mgo + 1)), with g = kf - a, and longitudinal
energy dispersion relation F# = —2t, - (1 — cos ), in the generalization to
the 2D lattice we have to add the conditions for the transverse wave function
X0 = Xn41 =0, yielding

2 Tn
v 2 g : B.23
Xn N+1 Sln<N+1>’ (B.23)

withv =1, ..., N as discrete mode number of the transverse wave function.
For the energy dispersion relation, after substituting the Eq.(B.23) into the
second of Egs.(B.22), we obtain

EY =21, (1 — cos (Nﬂi 1>> . (B.24)

Therefore, the total energy dispersion relation reads:

vz
EM = =2 (ty +ty) + 2t; cos pu + 2t, cos <N+1)’ (B.25)

and the solutions of the time-independent Schrédinger equation are:

) = Z D X Chn 0) (B.26)
With the above definition of the eigenstates, the retarded Green’s function
of the system can be written as

Chun [WFY) (UHY | ¢
E — EW +4n

G (m,n, m',n'; E) =G/ (n,n') = Z

pv

(B.27)

Inserting the known eigenstates in Eq.(B.26) into Eq.(B.27), the GF becomes

S (010)" x4 (%)
G (n,n/, E) / duz o +(m) . (B.28)
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Since we are interested in calculating the surface Green’s function of the
lead, we only look at GF obtained for m = m’' = my

N 2 [T sin? p ;
G /E — v l//*‘i d :Gsemz‘
(B.29)
Defining the parameters p and ¢ as follows
. v
p= E + m + 2 (tw =+ ty) — Qty COS m s (B30)

q= _2tﬂﬁ7

the integral over the continuous variable p in Eq.(B.29) has the same form
as that calculated for the 1D chain (Eq.(B.9)) and may be evaluated analo-
gously, obtaining

2 (7 sin? () 2p q> -
2 aup—r = 1—-L | =GW). B.31
7T /0 M+ qeosp — ¢ p? ¥) (B:31)

Hence, the final expression for the surface Green’s function of the lead is
obtained by substituting G(v) in the Eq.(B.29)

N
, 2 mn mvn/ ~
semi = =N gin () s . B.32
G I 1V:1s1n< 1>SID<N 1) G(v) (B.32)

We can thus notice that, the lattice Green’s function in Eq.(B.29) may be
written as a transformation of G(v) if we introduce a transformation matrix
U, whose columns are simply the transverse wave functions x% [94]

U= (xnlxal - Ixx) - (B.33)

Therefore, the lattice Green’s function may then be expressed as

G = UG(v)UT, (B.34)

where it can be shown that the U matrices are unitary (UUT = UTU = 1).
Thus, Eq.(B.34) defines the unitary transformation that converts the Green’s
function G(v) in the transverse mode representation into G*¢™ in the site
representation (or vice versa, G(v) = UTG®™U).

We conclude this section by noticing that, by making the parameters p and ¢
(Egs.(B.30)) explicit, it is possible to re-express the Eq.(B.31) as a function
of energy, yielding

G By = E=) | \/(E —e) 1 (B.35)
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where we defined €, = —2(t, +t,) + 2t, cos(

APPENDIX B

v
N+1)°

Finally, the condition of considering the imaginary part of the retarded GF
as negative, Im G < 0, allows to eliminate the ambiguity in the sign in front

of the square root, obtaining

(E—¢) +\/(E—e,,)2 1

2t2 44 2’

)2

G, E) = (E_Ey)—i\/l _(E-

(E—a) \/(E—e,,)Q 1

22 att 12’

CEE

for £ —¢, < —2t,

, for |[E — €| < 2t,

for E —¢, > 2t, ,

showing the analogy with Eqgs.(B.15) obtained in the 1D case.

(B.36)
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