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Foreword

Over the last decade, we have witnessed a large number of novel developments and
rapid progress in superconducting electronics. This has been triggered by mainly
two facts:

* The use of novel physical phenomena, which have been theoretically predicted
already during the previous decades but detected only recently in superconduct-
ing materials.

e The astonishing advances in thin film and nanotechnology, which allows us
the reproducible fabrication of the superconducting devices and circuits with
nanometer resolution.

This pleasant development is also reflected in a considerable increase in funding
and investments related to the field of superconducting electronics. An increase by
almost a factor of three has been observed worldwide over the last decade.

The main goal of this book is to give a profound insight into the basic
phenomena occurring in superconductors and hybrid systems composed of super-
conductors and other materials such as ferromagnets on a nanometer scale (e.g.,
Fulde—Ferrell-Larkin—Ovchinikov state, triplet superconductivity, crossed Andreev
reflection, coherent dynamics of superconducting junctions). Moreover, this book
provides a comprehensive overview on the application of these phenomena in novel
nanoelectronic devices and circuits (e.g., SIS tunnel junction phase detectors, pi-
junction-based logic circuits, superconducting spintronic devices). Information on
these new developments so far has to be collected from publications in technical
journals or presentations at conferences and workshops. Therefore, the collection of
review papers presented in this book provides a valuable overview on the Frontiers
of Superconducting Electronics, ranging from the discussion of the theoretical
background and the experimental study of the phenomena to their application in
novel devices. Although it is impossible to cover all aspects of broad and complex
field of superconducting electronics, this book addresses the most interesting
phenomena and key developments of the last decade in a comprehensive way.



vi Foreword

The book is organized as following: Chapter 1 is devoted to one of the
fundamental problems of superconductivity — fluctuations, which are also important
for numerous technical applications of superconductivity such as ultra-sensitive
detectors. Chapter 2 deals with the experimental study of superconducting fluctua-
tions in systems with reduced dimensionality — nanowires. Chapters 3 and 4 present
the results of both theoretical (Chap. 3) and experimental (Chap. 4) studies of the
crossed Andreev reflection and nonlocal transport phenomena in superconductor—
ferromagnet hybrid structures. Since there has been a particularly rapid progress
in the new research area of superconducting spintronics, this book puts special
emphasis on the advanced theoretical description (Chaps. 5-7) as well as the
experimental study of superconductor—ferromagnet hybrid structures (Chap. 8).
Chapter 9 shows how point-contact spectroscopy of superconducting materials can
be used as a powerful method for the investigation of the energy gap and the
electron—phonon interaction in superconductors. In Chaps. 10 and 11, supercon-
ducting integrated receivers and cryogenic phase-lock loop systems are presented
as prominent examples on how theoretical concepts, novel physics, and advanced
fabrication technologies can be combined to achieve smart superconducting devices.

The authors of the chapters and the editor of the book Prof. Anatolie Sidorenko
are well-known leading specialists, who have been involved in various research
programs dealing with superconducting devices and their applications. All of them
were former lecturers at NATO-ARW and NATO-ASI.

This book will be useful for a broad readership including researchers, engineers,
lecturers, Ph.D. students, and all others, who would like to gain insight into the
Frontiers of Superconductivity at nanoscale.

Garching Rudolf Gross
June 2011



Preface

The idea to write this book appeared after a series of workshops devoted to
superconductivity of low-dimensional objects, which we organized last decade. In
2004 director of Walther-Meifner-Institut Professor Rudolf Gross and I organized
an NATO Advanced Research Workshop “Nanoscale Devices, Fundamentals and
Applications” and published the book with the same title, collecting the best of
reports, presented on that workshop. As we realized a bit later, the book was
in demand by colleagues, who deal with applications of superconductivity. For
example, the group of researchers is engaged in development and fabrication of a
very sensitive superconducting sensor for infrared radiation, superconducting thin-
film bolometer, would like to achieve the highest possible sensitivity. They develop
different technological processes for improvement of the quality of the supercon-
ducting film, trying to obtain thin films with the narrowest width of superconducting
transition. In case, when a member of such group has knowledge in superconducting
fluctuations (which are rather noticeable for low-dimensional objects) that there
exists a limitation of the smallest possible width of the superconducting transition,
AT, given by the Ginsburg criteria, AT, = GiT,, then such group of researchers
can save a lot of time and instead of many experimental attempts to improve the
quality of the films, just select the most suitable material with the smallest value
of the parameter Gi. This is a simple example how the knowledge of the intrinsic
phenomena in superconductivity at nanoscale can help the experimentalists to save
their resources and time to achieve the desirable result.

Recently, some very interesting effects were first predicted theoretically and then
detected experimentally in layered and low-dimensional superconductors — triplet
superconductivity, crossed Andreev reflection, and pi-shift. How one can use them
for novel devices? What kind of nanostructures should be prepared for detection
and application of those effects? In order to highlight some of the rosen questions,
well-known experts were invited to write chapters for this book.

vii



viii Preface

We believe that the book can attract attention of researchers, engineers, Ph.D.
students and others, who would like to gain knowledge about some intrinsic effects
of Superconductivity at nanoscale.

Kishinev, June 2011 Anatolie Sidorenko
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Chapter 1
“Fluctuoscopy”’ of Superconductors

A.A. Varlamov

Abstract Study of fluctuation phenomena in superconductors (SCs) is the subject
of great fundamental and practical importance. Understanding of their physics
allowed to clear up the fundamental properties of SC state. Being predicted in
1968, one of the fluctuation effects, namely paraconductivity, was experimentally
observed almost simultaneously. Since this time, fluctuations became a noticeable
part of research in the field of superconductivity, and a variety of fluctuation effects
have been discovered.

The new wave of interest to fluctuations (FL) in superconductors was generated
by the discovery of cuprate oxide superconductors (high-temperature supercon-
ductors, HTS), where, due to extremely short coherence length and low effective
dimensionality of the electron system, superconductive fluctuations manifest them-
selves in a wide range of temperatures. Moreover, anomalous properties of the
normal state of HTS were attributed by many theorists to strong FL in these systems.
Being studied in the framework of the phenomenological Ginzburg—Landau theory
and, more extensively, in diagrammatic microscopic approach, SC FLs side by
side with other quantum corrections (weak localization, etc.) became a new tool
for investigation and characterization of such new systems as HTS, disordered
electron systems, granular metals, Josephson structures, artificial super-lattices, etc.
The characteristic feature of SC FL is their strong dependence on temperature and
magnetic fields in the vicinity of phase transition. This allows one to definitely
separate the fluctuation effects from other contributions and to use them as the
source of information about the microscopic parameters of a material. By their
origin, SC FLs are very sensitive to relaxation processes, which break phase
coherence. This allows using them for versatile characterization of SC. Today, one
can speak about the “fluctuoscopy” of superconductive systems.
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2 A.A. Varlamov

In review, we present the qualitative picture both of thermodynamic fluctuations
close to critical temperature Ty and quantum fluctuations at zero temperature and in
vicinity of the second critical field H.,(0). Then in the frameworks of the Ginzburg—
Landau theory, we discuss the characteristic crossovers in fluctuation properties of
superconductive nanoparticles and layered superconductors. We present the general
expression for fluctuation magneto-conductivity valid through all phase diagram
of superconductor and apply it to study of the quantum phase transition close to
H_>(0). Fluctuation analysis of this transition allows us to present the scenario of
fluctuation defragmentation of the Abrikosov lattice.

1.1 Introduction

“Happy families are all alike; every unhappy family is unhappy in its own way”,
started Leo Tolstoy his novel “Anna Karenina”. A similar statement can be made
about the electronic couples in superconductors (SCs): while stable Cooper pairs
forming below critical temperature T a sort of condensate behave all in the same
way, the behavior of the fluctuating Cooper pairs (FCPs) above the transition is
complex and involves a lot of interesting physics. Such FCPs affect thermodynamic
and transport properties of the metal both directly and through the changes which
they cause in normal quasi-particle subsystem [1], and study of superconductive
fluctuations (SF) presents the unique tool providing the information about the
character of superconductive state formation [1]. Difficulties of such “fluctuoscopy”
are caused by the quantity of these quantum corrections, necessity of their separation
from unknown background, smallness of their magnitude.

The mechanisms of fluctuations in the vicinity of the superconductive critical
temperature 7y were deeply understood in 1970s. SFs are commonly described
in terms of three principal contributions: Aslamazov—Larkin (AL) process, corre-
sponding to the opening of the new channel of the charge transfer [2], anomalous
Maki-Thompson (MT) process, which is a single-particle quantum interference on
impurities in presence of SF [3-5], and the change of the single-particle density of
states (DOS) due to their involvement in fluctuation pairings [6, 7]. The first two
processes (AL and MT) result in appearance of positive and singular close to the
superconductive critical temperature T contributions to conductivity, while the
third one (DOS) results in decrease of the Drude conductivity due to the lack of
single-particle excitations at the Fermi level. The latter contribution is less singular
in temperature than the first two and can compete with them only when the AL
and MT processes are suppressed by some reasons (e.g., c-axis transport in layered
superconductors) or far enough from 7.

The classical results obtained first in the vicinity of 7t later were generalized
to the temperatures far from transition [8—10] and relatively high fields [11]. More
recently, quantum fluctuations (QFs), taking place in SC at low temperatures and
fields close to the second critical field H., (0), entered the focus. Their manifestation
strikingly differs from that one of thermal fluctuations close to 7yy. For instance,
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the direct contribution of FCPs to transport coefficients here is absent. In [12, 13]
was found that in granular SC at very low temperatures and close to H.; (0), the
positive AL contribution to magneto-conductivity (MC) decays as T2 while the
fluctuation suppression of the quasiparticle density of states (DOS) by QF results
in temperature independent negative contribution to MC logarithmically growing in
magnitude when H — H, (0). Effects of QF on MC and magnetization of two-
dimensional (2D) SC were studied at low temperatures and fields close to H., (0)
in [14]. Fluctuation renormalization of the diffusion coefficient (DCR) results in
appearance of a giant Nernst—Ettingshausen signal [15]. Moreover, as it was demon-
strated recently [16] namely this contribution governs the behavior of fluctuation
conductivity through all periphery of the phase diagram of superconductor and
especially in the region of quantum phase transition in the vicinity of H., (0).

1.2 Thermodynamic Superconductive Fluctuations Close to 7

1.2.1 Rather Rayleigh—Jeans Fields than Boltzmann Particles

In the BCS theory [17, 18], only the Cooper pairs forming a Bose-condensate are
considered. Fluctuation theory deals with the Cooper pairs out of the condensate.
In some phenomena, these FCPs behave similarly to quasiparticles but with one
important difference. While for the well-defined quasiparticle, the energy has to be
much larger than its inverse lifetime, for the FCPs the “binding energy” A E turns
out to be of the same order. The FCPs lifetime tgy, is determined by its decay into
two free electrons. Evidently, at the transition temperature the Cooper pairs start
to condense and g = o0. Above Ty gL can be estimated using the uncertainty
principle: tgL, ~ h/AE, where AE is the difference kg (T — T¢o) ensuring that g
should become infinite at the point of transition. The microscopic theory confirms
this hypothesis and gives the exact coefficient:

wh

L= Sk (T — To)

(1.1)

Another important difference of the FCPs from quasiparticles lies in their large
size £(T). This size is determined by the distance by which the electrons forming
the FCPs move apart during the pair lifetime 7gL. In the case of an impure
superconductor, the electron motion is diffusive with the diffusion coefficient
D ~ v%r (7 is the electron scattering time [19]), and £;(T') = /DtgL ~ vr/TTGL.
In the case of a clean superconductor, where kg7t > #, impurity scattering no
longer affects the electron correlations. In this case the time of electron ballistic
motion turns out to be less than the electron—impurity scattering time t and is
determined by the uncertainty principle: tyy ~ %/kgT. Then this time has to be
used in this case for the determination of the effective size instead of 7: &.(T) ~
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vi+/htoL/ksT . In both cases, the coherence length grows with the approach to the
critical temperature as € ~'/2, where

(1.2)

is the reduced temperature. We will write down coherence length in the unique way

EoL (€) = (Dtar) " ~ Ercs/ Ve (1.3)

Here, égcs = £..4 is the BCS coherence length. We see that the fluctuating order
parameter A (r, ¢) varies close to T, on the large scale £g; (€) > £pcs.

Finally, it is necessary to recognize that FCPs can really be treated as classical
objects, but that these objects instead of Boltzmann particles appear as classical
fields in the sense of Rayleigh—Jeans. This means that in the general Bose—Einstein
distribution function only small energies £(p) are involved and the exponent can be
expanded:

n(p) = 1 - o7 a4
P = @)/ ksT) -1 E(p) '

That is why the more appropriate tool to study fluctuation phenomena is not the
Boltzmann transport equation but the GL equation for classical fields. Nevertheless,
at the qualitative level the treatment of fluctuation Cooper pairs as particles with the
concentration N>’ = [n(p)dP p/(27xh)P often turns out to be useful [20].

In the framework of both the phenomenological GL theory and the microscopic
BCS theory was found that in the vicinity of the transition

p?
E(p) = ks(T —Tc) + Pl

e [1?/26%(T) + p*]. (1.5)

Far from the transition temperature, the dependence n(p) turns out to be more
sophisticated than (1.4); nevertheless, one can always write it in the form

n(p) = "0 )f(w)”). (16)

The effective GL energy of the FCPs defined by (1.5) can be understood as the
sum of its kinetic energy and the binding energy AE which is nothing else as
the chemical potential

pep (T =T =T (1.7)

of the FCPs taken with the opposite sign:

E(p) =
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Let us clarify the issue related to the chemical potential of fluctuating Cooper
pairs, (icp.. Indeed, it is known that in the thermodynamic equilibrium, the chemical
potential of a system with a variable number of particles is zero, with photon and
phonon gases being the textbook examples. A naive application of this “theorem” to
fluctuating Cooper pairs “gas” leads to a wrong conclusion that jucp, = 0. However,
a delicate issue concerning Cooper pairs is that they do not form an isolated
system but are composed of the fermionic quasi-particles, which constitute another
subsystem under consideration. In a multicomponent system, the chemical potential
of the i’th component, p;, is defined as the derivative of the thermodynamic
potential with respect to the number of particles of i-th sort:

wi = (R/IN)pyw, - (1.8)

provided the numbers of particles of all other species are fixed, N;»; = const.
In deriving the condition for thermodynamic equilibrium, one should now take
into account that creation of a Cooper pair must be accompanied by removing
two electrons from the fermionic subsystem. This leads to ucp — 2uqp. = 0,
where 1. is the chemical potential of quasi-particles. Therefore, the equilibrium
condition does not restrict jic p.to zero, even though the number of Cooper pairs is
not conserved.

1.2.2 Manifestation of SF Close to T,

In classical field theory, the notions of the particle distribution function n(p) (pro-
portional to £~ (p) in our case) and Cooper pair mass m* are poorly determined. At
the same time, the characteristic value of the Cooper pair center of mass momentum
can be defined and it turns out to be of the order of py ~ #A/&(T). So for the
combination m*&(po) one can write m*E(po) ~ pi ~ h*/E*(T). The ratio of
the FCPs concentration to the corresponding effective mass with the logarithmic
accuracy can be expressed in terms of the coherence length:

NP ksT (po)D _keT

m* :m*é'(po) h h2 POk

(T) (1.9)
( pé) here estimates the result of momentum integration).

The particles’ density enters into many physical values in the combination
N/m*. For example, we can evaluate the direct FCPs contribution to conductivity
(Aslamazov-Larkin paraconductivity) by using the Drude formula and noting that
the role of scattering time for FCPs plays their lifetime gy

NS(D)eZtGL(e) N kg
m* h

T
Soly; = —d P P (T)(2e)*t6L(e) ~ €772 (1.10)



6 A.A. Varlamov

This contribution to conductivity of the normal phase of superconductor corre-
sponds to opening of the new channel of charge transfer above 7¢: due to forming
in it FCPs.

Analogously, a qualitative understanding of the increase in the diamagnetic
susceptibility above the critical temperature may be obtained from the — known
Langevin expression for the atomic susceptibility [21]:

2 (D) 2
o ns 4e” kT p34-p D[22
Sx P_—C—z — (R):—c—zvd EP(T) ~ —€ . (1.11)

Here, we used the ratio (1.9).

Special attention has been attracted recently by the giant Nernst—Ettingshausen
effect observed in the pseudogap state of the underdoped phases of HTSC [22],
which motivated speculations [23] about the possibility of existence of some specific
vortices and anti-vortices there or the special role of the phase fluctuations [24].
Then, very recently the giant Nernst—Ettingshausen signal (three orders of mag-
nitude more than the value of the Nernst—Ettingshausen coefficient in typical
metals) was detected also in the wide range of temperatures in a conventional
disordered superconductor N b, Si;—, [25]. All these experiments finally have been
successfully explained in the frameworks of both phenomenological and micro-
scopic fluctuation theories [15,26,27]. The proposed qualitative consideration of the
FCPs allows not only to get in a simple way the correct temperature dependence of
the fluctuation NEE coefficient but also to catch the reason of its giant magnitude.
Indeed, as it was shown in [15, 28], the Nernst-Ettingshausen coefficient can be
related to the temperature derivative of the chemical potential:

Y —— (d—”‘). (1.12)

ncez \dT

Applying this formula to the subsystem of FCPs close to T¢o with pucp. (7)) defined
by (1.7) and identifying its conductivity with (1.10), one finds

SNCP = _N; ~ P22, (1.13)

what fits well the experimental findings obtained in conventional superconductors
and optimally doped phases of HTS. The reason of so strong fluctuation effect
contains in the extremely strong dependence of the FCPs chemical potential on
temperature: djicp./dT = —1, while for the free electron gas du./dT ~ =T/ Ep.

Besides the direct FCPs effect on properties of superconductor in its normal
phase, the other, indirect manifestations of SF and their effect on the quasi-
particle subsystem take place. These effects, being much more sophisticated, have
a purely quantum nature and, in contrast to paraconductivity, require microscopic
consideration. First of them is MT contribution [3-5]. It is generated by the coherent
scattering of the electrons forming a Cooper pair on the same elastic impurities
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and can be treated as the result of Andreev reflection of the electron by fluctuation
Cooper pairs. This contribution appears only in transport coefficients and often
turns out to be important. Its temperature singularity near 7 is similar to that of
the paraconductivity, although being extremely sensitive to electron phase-breaking
processes and to the type of orbital symmetry of pairing it can be suppressed. Let us
evaluate it.

The physical origin of the MT correction consists in the fact that the Cooper
interaction of electrons with nearly opposite momenta changes the mean free path
(diffusion coefficient) of electrons. The amplitude of the effective BCS interaction
increases drastically when 7" — T:

g 1 T

1
o

I—vghZ ~ Wl = T-T.

Zeff =

What is the reason for this growth? One can say that the electrons scatter one at
another in a resonant way with the virtual Cooper pair formation. Or, it is possible
to imagine that the electrons undergo Andreev reflection by fluctuation Cooper
pairs, binding in the Cooper pairs themselves. The probability of such induced pair
irradiation (let us remember that Cooper pairs are Bose particles) is proportional
to their number in the final state that is n(p) (see (1.4)). For small momenta,
n(p) ~ 1/e.

One can ask why such an interaction does not manifest itself considerably far
from the transition point? This is due to the fact that just a small number of electrons
with the total momentum g < £'(7') interacts so intensively. In accordance with
the Heisenberg principle, the minimal distance between such electrons is of the order
of ~ &(T). On the other hand, such electrons, in order to interact, have to approach
one another approximately up to a distance of the Fermi length Ay ~ 1/ppg. The
probability of such event may be estimated in the spirit of the self-intersecting
trajectories contribution evaluation in the weak-localization theory [29].

In the process of diffusion motion, the distance between two electrons increases
with time according to the law: R(¢) ~ (Dt)l/ 2 Hence, the scattering probability

Tmax A?_l
RP(1)

vpdr.

The lower limit of the integral can be estimated from the condition R () ~ £(T')
(only such electrons interact in the resonant way). The upper limit is determined
by the phase-breaking time 7, since for larger time intervals the phase coherence,
necessary for the pair formation, is broken. As a result, the relative correction
to conductivity due to such processes is equal to the product of the scattering
probability on the effective interaction constant: §oMT /o = W gegr. In the 2D case

e D
S MT(an) ~ 1 % )
CE 0
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However, positive and singular in € close to 7. AL and MT contributions do
not capture the complete effect of fluctuations on conductivity. The involvement
of quasi-particles in the fluctuation pairing results in their lack at the Fermi
level that is in the opening of the pseudo-gap in the one-electron spectrum and
consequent decrease of the one-particle Drude-like conductivity. Such an indirect
effect of FCPs formation is usually referred as the DOS one. Being proportional
to the concentration of the FCPs NS(D) the DOS contribution formally appears
due to the order parameter Fourier-component (|A(ﬁ) (q, a))\2> integrated over all

long-wave-length fluctuation modes (¢ < &3l v/€):

20 p 2 2 d? 2]
50008 ~ e ZL 2 Shes®a ey T (1.14)
€

Mme € + E5csq? h

It is seen that DOS contribution has an opposite sign with respect to the AL and MT
contributions, but close to T,o does not compete with them since it turns to be less
singular as a function of temperature [1].

Finally, the renormalization of the one-electron diffusion coefficient (DCR) in
the presence of fluctuation pairing takes place. Close to T, this contribution is not
singular in €

&2
§oPR ~ ~1Inln
h TC()‘L'
and was always ignored, but as was found in [15, 16] it becomes of primary
importance relatively far from T, and at very low temperatures. It is the account
for §o2R, which changes the sign of the total contribution of fluctuations to
conductivity 80((;))0 in the wide domain of the phase diagram and especially close to
T = 0, in the region of quantum fluctuations [16] (see Fig. 1.1, where the regions
with the dominating fluctuation contributions to magnetoconductivity are shown).

+ O (¢)

2.0

Fig. 1.1 Contours of
constant fluctuation
conductivity

[0 = 80,&00 (¢, h) shown in
units of e?]. The dominant FC
contributions are indicated in
bold-italic labels. The dashed
line separates the domain of
quantum fluctuations (QFs)
[dark area of o > 0] and
thermal fluctuations (TFs)

h=0.69H/H(0)
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1.3 Ginzburg-Landau Theory

1.3.1 GL Functional

Let us consider the model of metal being close to transition to the superconductive
state. The complete description of its thermodynamic properties can be done through
the calculation of the partition function [30]:

Z =tr g exp (—?)

As discussed above, in the vicinity of the superconductive transition, side by side
with the fermionic electron excitations, fluctuation Cooper pairs of a bosonic nature
appear in the system. They can be described by means of classical bosonic complex
fields W(r), which can be treated as “Cooper pair wave functions”. Therefore, the
calculation of the trace in (1.15) can be separated into a summation over the “fast”
electron degrees of freedom and a further functional integration carried out over all
possible configurations of the “steady flow” Cooper pairs wave functions:

(1.15)

Z = /Dz‘l'(r)Z[\IJ(r)], (1.16)
where
Z[W(r)] = exp (—@) (1.17)

is the system partition function in a fixed bosonic field W(r), already summed over
the electronic degrees of freedom.

The “steady flow” of wave functions means that they are supposed to vary
over a scale much larger than the interatomic distances. The classical part of the
Hamiltonian, dependent on bosonic fields, may be chosen in the spirit of the Landau
theory of phase transitions. However, in view of the space dependence of wave
functions, Ginzburg and Landau included in it additionally the first nonvanishing
term of the expansion over the gradient of the fluctuation field. Symmetry analysis
shows that it should be quadratic. The weakness of the field coordinate dependence
allows us to omit the high order terms of such an expansion. Therefore, the classical
part of the Hamiltonian of a metal close to superconductive transition related to
the presence of the fluctuation Cooper pairs in it (so-called GL functional) can be
written as [31]:

Fl¥(r)] = Fy + /dV {a|\IJ(r)|2 + §|\11(r)|4 + %lv\ll(rﬂz . (118)
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Let us discuss the coefficients of this functional. In accordance with the Landau
hypothesis, the coefficient a goes to zero at the transition point 7y and depends
linearly on T — To. Then a = aT,¢; all the coefficients «, b, and m are supposed to
be positive and temperature independent. Concerning the magnitude of the coeffi-
cients, it is necessary to make the following comment. One of these coefficients can
always be chosen arbitrarily: this option is related to the arbitrariness of the Cooper
pair wave function normalization. Nevertheless, the product of two of them is fixed
by dimensional analysis: ma ~ £72(T). Another combination of the coefficients,
independent of the wave function normalization and temperature, is &> /b. One can
see that it has the dimensionality of the density of states. Since these coefficients
were obtained by a summation over the electronic degrees of freedom, the only
reasonable candidate for this value is the one electron DOS v (for one spin at the
Fermi level). One can notice that the arbitrariness of the order parameter amplitude
results in the ambiguity in the choice of the Cooper pair mass, introduced in (1.18)
as 2m. Indeed, this value enters in (1.20) as the product with the coefficient o, hence
one of these parameters has to be set down.

In the phenomenological GL theory, normalization of the order parameter W
is usually chosen in such a way that the coefficient m corresponds to the free
electron mass. At that, the coefficient o for D-dimensional clean superconductor
is determined by the expression

2D7? Ty

_— . 1.19
7CG) Er (119

¥(p) =

Yet, the other normalization when the order parameter, denoted as A (r),
coincides with the value of the gap in spectrum of one-particle excitations of a
homogeneous superconductor turns out to be more convenient. As it will be shown
below, in vicinity of 7t the microscopic theory allows to present the free energy of
superconductor in the form of the GL expansion namely over the powers of A (r).
At that turn out to be defined also the exact values of the coefficients « and b:

872
dmaTy = £ 0’ /b =
maTy =E a7/ 720)

where ¢ (x) is the Riemann zeta function, £(3) = 1.202.
Let us stress that at such choice of the order parameter normalization the GL
parameter C = 1/4m turns out to be dependent on the concentration of impurities.

v, (1.20)

1.3.2 Zero Dimensionality: The Exact Solution for the Heat
Capacity Jump

In a system of finite volume, the fluctuations smear out the jump of the heat capacity.
Let us demonstrate this on the example of a small superconductive sample with the
characteristic size d < £(T'). Due to the small size of the granule with respect to the
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Fig. 1.2 Temperature dependence of the heat capacity of superconductive grains in the region of
the critical temperature

GL coherence length, the order parameter W does not depend on the space variables
and the free energy can be calculated exactly for all temperatures including the
critical region. It the space independent mode ¥, = W./V, which defines here the
main contribution to the free energy:

N4 Wol2 4+ L2 |, |4
Zo) = /dz\lloexp (_M) — ”/d|‘~1-’olzexp (_(al ol” + 57 [%ol")
T T
a3VT 5
= o el — e, (121)

By evaluating the second derivative of this exact result [32], one can find the temper-
ature dependence of the heat capacity of the superconductive granule (see Fig. 1.2).
One can see that this function is analytic in temperature, therefore fluctuations
remove phase transition in the 0D system. The smearing of the heat capacity jump
takes place in the region of temperatures in the vicinity of 7T, where x ~ 1, that is

. 7¢(3) 1 T\ | é}%cs
= G = X 13.3 — .
€cr L) T /—I)Tc()V (EF) 1%

Here, T,y and &gcs are the mean field critical temperature and the zero temperature
coherence length of the appropriate bulk material. It is interesting that the width of
this smearing does not depend on impurities concentration. From this formula, one
can see that the smearing of the transition is very narrow (€., << 1) when the granule
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volume V > (vT.)~". This criterion means that the average spacing between the
levels of the dimensional quantization:

§= V)™ (1.22)

still remains much less than the value of the mean field critical temperature, 7.
Far above the critical region, where Gi(g) < € < 1, one can use the asymptotic
expression for the erf(x) function and find
b4
F(()) =—TIn Z(o) =—TIn—.
ae

(1.23)

Calculation of the second derivative gives an expression for the fluctuation part of
the heat capacity in this region:

1

(1.24)
The experimental study of the heat capacity of small Sn particles in the vicinity of
the transition was done in [33].

One can estimate the fluctuation contribution to heat capacity for a specimen
of an arbitrary effective dimensionality on the basis of the following observation.
The volume of the specimen may be divided into regions of size £(7"), which are
weakly correlated with each other. Then the whole free energy can be estimated

as the free energy of one such 0D specimen (1.23), multiplied by their number
N(D) = VE_D(T)Z

Fipy = —TVEP(T)In—. (1.25)
e

This formula gives the correct temperature dependence of the free energy not too
close to T for the specimens of the even dimensionalities. As we will demonstrate
below, a more accurate treatment removes the In € dependence from it in the case of
the odd dimensions.

In the Ginzburg—Landau region, one can omit the fourth-order term in W(r) with
respect to the quadratic one and write down the GL functional, expanding the order
parameter in a Fourier series:

k2
Fl¥=Fy+) [a + m] (W > = Fy +aTe ) (e + &) [Wl”. (1.26)
k k

Here, ¥y = ﬁ f W(r)e~*dV and the summation is carried out over the wave
vectors k (fluctuation modes). For the specimen of dimensions L, L,, L. k;L; =
2mn;. The functional integral for the partition function (1.17) can be factored out
to a product of Gaussian-type integrals over these modes:
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k2
7 = /dz\If ex {—oe (e+ ) v 2} ) (1.27)
l:[ k €XP dmaT, [l

Carrying out these integrals, one gets the fluctuation contribution to the free energy:

F(e>0)=-TlhZ = —TZm—. (1.28)

1.3.3 Zero Dimensionality: The Exact Solution
Jor the Fluctuation Magnetization

For quantitative analysis of the fluctuation diamagnetism, we start from the GL
functional for the free energy written down in the presence of the magnetic field.
The generalization of the functional (1.18) in the presence of magnetic field requires
first of all the gauge invariance; therefore, the momentum operator —iV must be
substituted by its gauge invariant form —iV—2eA (r) [34]. Moreover, the presence of
a magnetic field results in the accumulation of some residual energy of the magnetic
field in the volume of superconductor. Finally, the superconductor itself interacts
with the external magnetic field H. Taking into account these three observations one
can write the generalization of the functional (1.18) in the form

FlW(r)] = F, + /dV {al\ll(r)|2 + gl\lf(r)|4 + %| (—iV—2eA(r)) ¥(r)|?

[VxA®T]*> VxA()-H
+ 8 - 47

. (1.29)

The fluctuation contribution to the diamagnetic susceptibility in the simplest
case of a “zero-dimensional” superconductor (spherical superconductive granule
of diameter d < &(¢€)) was considered by Shmidt [32]. As above, the smallness
d < &(T) allows us to omit in (1.29) the term —iV. Then, due to the smallness of
the granule size with respect to the magnetic field penetration depth in supercon-
ductor A, one can assume the equivalence of the average magnetic field in metal B
with the external field H. This allows us to omit also the last two terms in (1.29)
since in the assumed approximation they do not depend on fluctuations. It is why
formally the effect of a magnetic field in this case is reduced to the renormalization
of the coefficient a, or, in other words, to the suppression of the critical temperature:

42E?
T.(H) = Ty (1 — Té(Az)) ) (1.30)
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Here, ®y = 7/e is the magnetic flux quantum and (- - -} means the averaging over
the sample volume. That is why for the granule in a magnetic field one can use the
partition function in the same form (1.21) as in the absence of the field but with the

renormalized GL parametera (H) = a + fn—z (A%):

+ ¢ (87)] 190 + £ 190 l*
T

Zo (H) = n/d|\110|2exp —[

. (1.31)

3VT a’>(H)V
25 P T

et an 7]

Such a trivial dependence of the properties of 0D samples on the magnetic field
immediately allows us to understand its effect on the heat capacity of a granular
sample. Indeed, with the growth of the field the temperature dependence of the heat
capacity presented in Fig. 1.2 just moves in the direction of lower temperatures.
Equation (1.31) allows to calculate exactly the fluctuation part of the free energy
and corresponding magnetization as the function of temperature and magnetic field,
which can be used for the quantitative analysis of the experiments on nanoparticles
(see below).

In the GL region Gi(g) < €, one can easily write the asymptotic expression (1.23)
for the free energy:

T

o (6 + %(Az)).

F(O)(és H) =—TIn

In the case of a spherical particle, one has to choose the gauge of the vector-
potential A =1H x r yielding (A%) = - H2d? (calculation of this average value is
completely analogous to the calculation of the moment of inertia of a solid sphere).
In this way, an expression for the 0D fluctuation magnetization valid for all fields
H < H(0) can be found:

1 aF(())(G,H) _ 67TT§2 H

Moy(e, H) = = .
o€ H) V. oH 52d (e 4 e szz)
1002

(1.32)

One can see that the fluctuation magnetization turns out to be negative and linear up
to some crossover field H,p (€) ~ % ~ %ch (0) /€ [35] at which it reaches a
minimum (this field can be called the temperature dependent upper critical field of
the granule). At higher fields, H,p(¢) S H < H»(0) the fluctuation magnetization
of the 0D granule decreases as 1/H . In the weak field region H << He()(€) the
diamagnetic susceptibility is:

6nTE 1 ) &
H) = — D102, (S
Koe H) 502 € xP (d

N | =
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Let us underline that the temperature dependence of the 0D fluctuation diamagnetic
susceptibility turns out to be less singular than the 0D heat capacity correction: ¢!
instead of € 2.

The expression for the fluctuation part of free energy (1.28) is also applicable
to the cases of a wire or a film placed in a parallel field: as was already mentioned
above all its dependence on the magnetic field is manifested by the shift of the
critical temperature (1.30). In the case of a wire in a parallel field the gauge of the
vector-potential can be chosen as above what yields (A2>(Wire p=H 2d?/32. For a
wire in a perpendicular field, or a film in a parallel field, the gauge has to be chosen
in the form A =(0, H x,0). One can find (Az) = H?d?/16 for a wire and

(A?) i) = H>d?/12 for a film.
Calculating the second derivative of (1.28) with the appropriate magnetic field

dependencies of the critical temperature, one can find the following expressions for
the diamagnetic susceptibility:

(wire, L)

=, wire in parallel field,

T
Xoy(€) = —2715— xXp =, wire in perpendicular field, (1.33)
VF

Sl

In

=

, film in parallel field.

N

1.3.4 Fluctuation Diamagnetism in Lead Nanoparticles

Recently, in [36] the 0D fluctuating diamagnetism was carefully studied in lead
nanoparticles with size d < § by means of high-resolution superconductive quan-
tum interference device magnetization measurements. In result, the diamagnetic
magnetization Mg, (H, T = const) was reported as a function of the applied mag-
netic field H at constant temperatures in a wide range of temperatures around T
including the critical region. The magnetization curves were analyzed in the frame-
work of the presented above exact fluctuation theory based on the Ginzburg—Landau
functional.

The representative isothermal magnetization curves in the temperature range
around T are reported in Fig. 1.3. The extraction of the diamagnetic contribution
from the magnetization requires a detailed subtraction procedure when the magnetic
field is increased to relatively strong values. In fact, in the range H > H,p | M|
decreases on increasing the field (see Fig. 1.3), while the paramagnetic contributions
due to the Pauli paramagnetism and to a small amount of paramagnetic impurities
continue to increase on increasing H. Thus, from the computer-stored raw magne-
tization data around T, the magnetization values measured at a higher temperature
(around 8 K) where the SFs are negligible have been subtracted. The slight variation
of the paramagnetic contribution with temperature did not prevent reliable estimates
of My, for magnetic field up to about 600 Oe, as indicated by the error bars in
Fig. 1.5b.
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Fig. 1.3 (a) Magnetization Mg;, vs H for the sample with the characteristic diameter of grains
d; >~ 75nm at representative temperatures above Ty. The solid lines correspond to (1.32) in the
text for critical field of the grain 1,150 Oe . For € < €., the curves depart from the behavior
described by (1.32). (b) Magnetization curves for sample with the characteristic size of grains
dy 2 16nm, all corresponding to temperature range where € < €., namely, within the critical
region. The open circles in part (a) correspond to the data obtained from the iso-field measurements
as a function of temperature, with large experimental errors
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The first-order fluctuation correction is found to be valid only outside the critical
region € 2 €., where it accurately describes the behavior My;, for magnetic fields
H < Hy,. Also, the scaling properties of d7.(H)/dH for small fields and of
the upturn field Hy, in the magnetization curves are well described within that
approximation.

In the critical region, however, the role of the field and the limits of validity of the
first-order fluctuation correction have been analyzed by comparing the experimental
findings to the derivation of My, as a function of the magnetic field starting
from the complete form of the GL functional and with the exact expression of
the zero-dimensional partition function. The authors found that the role of the
|W(r)|* term in the GL functional is crucial in describing the data in the critical
region. For the sample with average grain diameter of 75 nm, the fluctuating
diamagnetism can be well described by our extended model even in the critical
region, without introducing any adjustable parameters. For the sample with the
smallest average diameter of 16 nm, the agreement of the numerically derived M,
with the experimental findings is again good for fields of the order of H,p. Poor
agreement between the theoretically predicted Mgy;, vs H and the authors data is
observed for fields above H,,, when the fluctuating diamagnetic contribution is
approaching zero and the subtraction procedure of the paramagnetic term introduces
large errors.

The temperature dependence of the upturn field and the scaling properties with
the grain size are also well described by the exact theory both outside and inside the
critical region, with the product (H,pd) vs reduced temperature being approximately
size independent and following the predicted temperature dependence, even though
the mean field result H,, ~ €'/?/d evidently breaks down. The relevance of
the magnetization curves vs H and of the upturn field H,, for the study of the
fluctuating diamagnetism above the superconductive transition temperature has been
emphasized.

1.4 Fluctuation Thermodynamics of Layered Superconductor
in Magnetic Field

1.4.1 Lawrence—-Doniach Model

Let us pass now to the quantitative analysis of the temperature and field dependen-
cies of the fluctuation magnetization of a layered superconductor. This system has
a great practical importance because of its direct applicability to HTS, where the
fluctuation effects are very noticeable. Moreover, the general results obtained will
allow us to analyze as limiting cases 3D and already familiar 2D situations. The
effects of a magnetic field are more pronounced for a perpendicular orientation, so
let us first consider this case.

The generalization of the GL functional for a layered superconductor (Lawrence—
Doniach (LD) functional [37]) in a perpendicular magnetic field can be written as
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b 1 :
Fip [¥] = Z/dzr (a > + 3 W |* + . (V) — 2ieA)) ||
l

+ T ¥4 —\Ilez), (1.34)

where W, is the order parameter of the /-th superconductive layer and the phe-
nomenological constant 7 is proportional to the energy of the Josephson coupling
between adjacent planes. The gauge with A, = 0 is chosen in (1.34). In the
immediate vicinity of 7¢, the LD functional is reduced to the GL one with the
effective mass M = (47s%)”! along c-direction, where s is the inter-layer spacing.
One can relate the value of J to the coherence length along the z-direction:
J = 205TC§Z2 /s%. Since we are dealing with the GL region, the fourth order term
in (1.34) can be omitted.

The Landau representation is the most appropriate for solution of the problems
related to the motion of a charged particle in a uniform magnetic field. The
fluctuation Cooper pair wave function can be written as the product of a plane wave
propagating along the magnetic field direction and a Landau state wave function
¢ (r). Let us expand the order parameter W, (r) on the basis of these eigenfunctions:

Wi(r) = ) Wy k. (r) explik:l), (1.35)

nk,

where n is the quantum number related to the degenerate Landau state and k, is the
momentum component along the direction of the magnetic field. Substituting this
expansion into (1.34), one can find the LD free energy as a functional of the W, ;.
coefficients:

1
FLb [\Il{n,kz}] = Z %oeTce + w, (n + 5) +J [1 — cos(kzs)] |\If,,,kz|2. (1.36)
n.k;

In complete analogy with the case of an isotropic spectrum, the functional integral
over the order parameter configurations W, in the partition function can be
reduced to a product of ordinary Gaussian integrals, and the fluctuation part of the
free energy of a layered superconductor in magnetic field takes the form:

SH 7T
—T > 1
ol ;; ! al.e + o (n + %) +J [1 — cos(kzs)]

F(e, H) = — (1.37)

(compare this expression with the (1.28)).
In the limit of weak fields, one can carry out the summation over the Landau
states by means of the Euler—Maclaurin’s transformation and obtain
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STH? (™5 Nsdk 1
F(e,H)zF(e,0)+”—/ Ns {

24m®3 J_,)s 27 aT.e+7J (1 —cos(k,s)) |-
(1.38)

Here N, is the total number of layers. Carrying out the final integration over the
transversal momentum, one gets:

TV h?

24”553}, Vel +r)

F(e,H) = F(e,0) +

with the anisotropy parameter defined as

L _ 2T _ 480

aT 52

(1.39)

and h = 27£% H/ ®y as reduced magnetic field. The diamagnetic susceptibility in a
weak field turns out [38,39] to be

_er &
X(layer, 1) = 3s \/m

In the 2D and 3D limits, this formula reproduces (1.33). Note that (1.40) predicts
a nontrivial increase of diamagnetic susceptibility for clean metals [39]. The usual
statement that fluctuations are most important in dirty superconductors with a short
electronic mean free path does not hold in the particular case of susceptibility
because here £ turns out to be in the numerator of the fluctuation correction.

(1.40)

1.4.2 General Formula for the Fluctuation Free Energy
in Magnetic Field

Now we will demonstrate that, besides the crossovers in its temperature dependence,
the fluctuation-induced magnetization and heat capacity are also nonlinear functions
of magnetic field. These nonlinearities, different for various dimensionalities, take
place at relatively weak fields. This, strong in comparison with the expected scale
of H.(0), manifestation of the nonlinear regime in fluctuation magnetization and
hence, field-dependent fluctuation susceptibility was the subject of the intensive
debates in early 1970s [40-49] (see also the old but excellent review of Scokpol
and Tinkham [50]) and after the discovery of HTS [51-54]. We will mainly follow
here the recent essay of Mishonov and Penev [55] and the paper of Buzdin
et al. [56], dealing with the fluctuation magnetization of a layered superconductor,
which allows observing in a unique way all variety of the crossover phenomena in
temperature and magnetic field.
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One can evaluate the general expression (1.37) without taking the magnetic field
to be small and get

2 ~
Fo(eh)=——V [h/ 4o [(1/24Z(0) /2h)
0

—In
2msE2, 27 V2

+ % (e + %) Inh + const]. (1.41)

This formula is valid for any anisotropy parameter.

1.4.3 Fluctuation Magnetization of Layered Superconductor
and its Crossovers

Direct derivation of (1.41) over magnetic field gives for fluctuation part of magneti-
T /2 d ¢

zation:
€ + r sin’ € + r sin’ 1
— 4 v 4 +-]-1
Dos Jo  w/2 2h 2h 2

e+rsin¢ 1 1
—Inl" (T + E) + 511'1(27'[)} .

M (e, hir) =—

Handling with the Hurvitz zeta functions the general formula for an arbitrary
magnetic field in 3D case (¢ < r) can be carried out [44, 55]:

T (2\'?
Ma(e € r,h) =3— (—) vh
Dps \ r

11 € 11 € €
lzarm) - Grrm)a) o

while in the opposite case of extremely high anisotropy r < |€|, 7 < 1 one obtains
the 2D result.

Let us comment on the different crossovers in the M (¢, H) field dependence. Let
us fix the temperature € < r. In this case, the c-axis coherence length exceeds the
interlayer distance (&, > s ) and in the absence of a magnetic field the fluctuation
Cooper pairs motion has a 3 D character. For weak fields (7 < €), the magnetization
grows linearly with magnetic field, justifying our preliminary qualitative results:

e’TH
M(3)(6 < r,h —> 0) = —7&(}, (6) . (143)
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Fig. 1.4 Schematic representation of the different regimes for fluctuation magnetization in the
(H, T) diagram. The line H}(T') is mirror-symmetric to the He,(7') line with respect to a y-axis
passing through 7" = T. This line defines the crossover between linear and nonlinear behavior of
the fluctuation magnetization above 7 [56]

Nevertheless, this linear growth is changed to the nonlinear 3D high field regime
M ~ /H already in the region of a relatively small fields Ho(¢) < H (¢ < h)
(see Fig.1.4). The further increase of magnetic field at 7 ~ r leads to the next
3D — 2D crossover in the magnetization field dependence. In the limit ¢ < £,
magnetization saturates at the value M.

The substitution of € = 0 gives the result typical of 2D superconductors.
Therefore, at h ~ r we have a 3D — 2D crossover in M (H) behavior in spite
of the fact that all sizes of fluctuation Cooper pair exceed considerably the lattice
parameters. Let us stress that this crossover occurs in the region of already strongly
nonlinear dependence of M (H ) and therefore for a rather strong magnetic field from
the experimental point of view in HTS.

Let us mention the particular case of strong magnetic fields ¢ < & (1.42)
reproduces the result by Prange [42] with an anisotropy correction multiplier [55]
£y (0)/€:(0) :
0.32T £ (0)

o &0
Near the line of the upper critical field (h.,(€) = — €), the contribution of the term

with n = 0 in the sum (1.37) becomes the most important and for the magnetization
the expression

M) (0,h) = —

(1.44)

T h
M(h) = —0.346 (—) (1.45)
@05 ) \/(h — hea(€)(h — heal€) + 1)
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can be obtained [56]. It contains the already familiar for us “0D” regime (r <
h—h., < 1), where the magnetization decreases as —M (h) ~ ﬁ (compare with

(1.32)), while for h — h,, << r the regime becomes “1D” and the magnetization
1

decreases slower, as —M (h) ~ T
Such an analogy is observed in the next orders in Gi too. In the [57], the analogy

was demonstrated for the example of the first eleven terms for the 2D case and nine
for the 3D case. Summation of the series of high-order fluctuation contributions to
the heat capacity by the Pade—Borel method resulted in its temperature dependence
similar to the 0D and 1D cases without a magnetic field. Nevertheless, a consider-
able difference is not to be forgotten: in the 0D and 1D cases, no phase transition
takes place while in the 2D and 3D cases in a magnetic field a phase transition of
first order to the Abrikosov vortex lattice state occurs.

In conclusion, the fluctuation magnetization of a layered superconductor in the
vicinity of the transition temperature turns out to be a complicated function of tem-
perature and magnetic field, and it evidently cannot be factorized in these variables.
The fit of the experimental data is very sensitive to the anisotropy parameter r and
allows determination of the latter with a rather high precision [58, 59]. In Fig. 1.5,
the successful application of the described approach to fit the experimental data on

YBa,Cu305 is shown [60].
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Fig. 1.5 Fluctuation magnetization of a YBaCO123 normalized on V'H as the function of
temperature in accordance with the described theory shows the crossing of the iso-field curves
at T = T.(0) = 92.3 K. The best fit obtained for anisotropy parameter r = 0.09. In the inset, the
magnetization curves as the function of magnetic field are reported
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1.5 Fluctuation Conductivity of Layered Superconductor

The appearance of fluctuating Cooper pairs above T, leads to the opening of a “new
channel” for charge transfer. The fluctuation Cooper pairs were treated above as
carriers with charge 2e, while their lifetime gL was chosen to play the role of the
scattering time in the Drude formula. Such a qualitative consideration results in
the Aslamazov—Larkin (AL) pair contribution to conductivity (1.10) (the so-called
paraconductivity [61]). Below we will present the generalization of the phe-
nomenological GL functional approach to transport phenomena. Dealing with the
fluctuation order parameter, it is possible to describe correctly the paraconductivity-
type fluctuation contributions to the normal resistance and magnetoconductivity,
Hall effect, thermoelectric power, and thermal conductivity at the edge of the
transition. Unfortunately, the indirect fluctuation contributions are beyond the
possibilities of the description by time-dependent GL (TDGL) approach, and they
can be calculated only in the framework of the microscopic theory (see below).

1.5.1 Time-Dependent GL Equation

In previous sections, we have demonstrated how the GL functional formalism allows
one to accounting for fluctuation corrections to thermodynamic quantities. Let us
discuss the effect of fluctuations on the transport properties of a superconductor
above the critical temperature.

To find the value of paraconductivity, some time-dependent generalization of the
GL equations is required. Indeed, the conductivity characterizes the response of the
system to the applied electric field. It can be defined as E = —dA/0d¢ but, in contrast
to the previous section, A has to be regarded as being time dependent. The general
nonstationary BCS equations are very complicated, even in the limit of slow time
and space variations of the field and the order parameter. For our purposes, it will be
sufficient, following [62—70], to write a model equation in the vicinity of T, which
in general correctly reflects the qualitative aspects of the order parameter dynamics
and in some cases is exact.

Let us revise the GL functional formalism introduced above. One can see that the
derived above stationary GL equations do not describe correctly the superconductive
properties when a deviation from equilibrium is assumed. Indeed, in the absence of
equilibrium, the order parameter ¥ becomes time dependent and this in no way
was included in the scheme. Nevertheless, the scheme can be improved. For small
deviations from the equilibrium, it is natural to assume that in the process of order
parameter relaxation its time derivative dW/dz is proportional to the variational
derivative of the free energy §F/5W*, which is equal to zero at the equilibrium.
But this is not all: side by side with the normal relaxation of the order parameter
the effect of thermodynamic fluctuations on it has to be taken into account. This
can be done by the introduction, the Langevin forces {(r,¢) in the right-hand
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side of the equation describing the order parameter dynamics. Finally, gauge
invariance requires that d\W/d¢ should be included in the equation in the combination
aW/dt + 2iepW, where ¢ is the scalar potential of the electric field. By including
all these considerations, one can write the model time-dependent GL equation in the
form

0 , §F
~ yoL (5 + zle¢) W= L) (1.46)

with the GL functional F determined by (1.18), (1.29), (1.34) [71]. The dimen-
sionless coefficient ygr in the left-hand-side of the equation can be related to pair
lifetime zgp, (1.1): yoL = aT.etgL = mwa/8 by the substitution in (1.46) of the first
term of (1.18) only [72].
Neglecting the fourth-order term in the GL functional, (1.46) can be rewritten in
operator form as
L™ = 2ieyop(r. 0¥ (r.1) = ¢(r.1) (1.47)

with the TDGL operator L and Hamiltonian 7 defined as

—1
7 [yGLgit + ﬂ} A =ol[e BT -2ieay].  148)

We have introduced here the formal operator of the coherence length /“;‘\ to have the
possibility to deal with an arbitrary type of spectrum. For example, in the most
interesting case for our applications to layered superconductors, the action of this
operator is defined by (1.34).

In the absence of an electric field, one can write the formal solution of (1.47) as

VO, 1) = Le(r, ). (1.49)

The correlator of the Langevin forces introduced above must satisfy the fluctuation—
dissipation theorem. This requirement is fulfilled if the Langevin forces ¢ (r, ¢) and
£*(r, t) are correlated by the Gaussian white-noise law

(& (r,0)e(r' 1)) = 2T ReygLd(r —r )8(t — ). (1.50)

The fundamental solution L(p, €2) can be found by making a Fourier transform of
(1.48), what gives:
L(p.Q) = (—iyeLQ + &) " (1.51)
with
ep = aTe(e + E°p?) (1.52)

as the fluctuation Cooper pair energy spectrum.
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1.5.2 General Expression for Paraconductivity

By means of the qualitative consideration based on the Drude formula, we obtained
in the Introduction the expression for paraconductivity, which correctly reflects its
temperature singularity in any dimension. Following this way, one could write down
some kind of master equation for fluctuation Cooper pairs and obtain indeed the
precise expression for paraconductivity (see [1]). Unfortunately, the applicability of
the derived master equation is restricted to relatively weak electric and magnetic
fields. For stronger fields H.(€) S H < H»(0), the density matrix has to be
introduced and the master equation loses its attractive simplicity. At the same time,
as we already know, these fields, quantizing the fluctuation Cooper pair motion,
present special interest. That is why to include in the scheme the magnetic field
and frequency dependencies of the paraconductivity, we return to the analysis
of the general TDGL equation (1.46) without the objective to reduce it to a
Boltzmann-type transport equation.

Let us solve it in the case, when the applied electric field can be considered as a
perturbation. The method will much resemble an exercise from a course on quantum
mechanics. To impose the necessary generality side by side with a formal simplicity
of expressions, we will introduce a subscript of the kind {i}, which includes the
complete set of quantum numbers and time. By a repeated subscript, a summation
over a discrete and integration over continuous variables (time in particular) is
implied.

We will look for the response of the order parameter to a weak electric field
applied in the form

Wi (rr) = W + Wi, (1.53)
where \Ilgji is determined by (1.49). Substituting this expression into (1.47) and
restricting our consideration to linear terms in the electric field, we can write

(L Wy, = 2ieyoLeqn Vi) (1.54)
with the solution in the form
‘1’23 = 2ieyorL Ly @gens LiimyEom- (1.55)

Let us substitute the order parameter (1.53) in the quantum mechanical expression
for current:

. 0)*= 1 D 0

j=2¢Re [qf§i§*v{ik}\p§k’} + \pgii*v{,k}qg}] , (1.56)
where Vi is the velocity operator, which can be expressed by means of the
commutator of r with Hamiltonian (1.48):

Vi = {H. g (1.57)
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and average now (1.56) over the Langevin forces. Moving the operator szi} from
the beginning to the end of the trace, one finds

j=—16T¢*Re(ycL) Im{)/GLV{u}Z{zmw{mn}z{np}z?pi}}- (1.58)

Now we choose the representation where the Z{lm} operator is diagonal (it is
evidently given by the eigenfunctions of the Hamiltonian (1.48)):

1

_ (1.59)
—iQ2 YL + Elm}

Lyny(R2) =

where &,y are the appropriate energy eigenvalues. Then we assume that the electric
field is coordinate independent but is a monochromatic periodic function of time:

o(r.t) = —EPrP exp(—iwt). (1.60)

In doing the Fourier transform in (1.58), one has to remember that the time
dependence of the matrix elements ¢y,,,) results in a shift of the frequency variable
of integration 2 — £ — w in both L-operators placed after ¢g,,; or, what is the

same, to a shift of the argument of the previous Z{Im} for w:

. 0 - I
i = 16T¢? Re()’GL)/Em{VGLV{I”}L{[}(Q -|—a))[—1r5i}]L{i}(Q)LE}(Q)}E5,
(1.61)

where R f(w) = [f(w) + f*(~w)]/2.
Let us express the matrix element rg;; by means of Vy;3 using the commutation
relation (1.57). One can see that in the representation chosen

S
By =i (1.62)
ey — e

and, carrying out the frequency integration in (1.61), finally write for the fluctuation
conductivity tensor (j& = 0% (w)EP):

0% (e, H, )
o VLV,
= 8T Re(yaL) », % |var o > :
{i.y=0 euy(vaLeuy + vaewy — ilvaLlPo)(epy — &)

(1.63)

This is the most general expression which describes the d.c., galvanomagnetic and
high frequency paraconductivity contributions.
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The microscopic analysis of the coefficient ygr, demonstrates that its imaginary
part Im ygr. usually is much smaller than Re ygr. Its origin can be related to the
electron-hole asymmetry or other peculiarities of the electron spectrum. In the
case when one is interested in the diagonal effects only it is enough to accept
yoL as real: (yg. = ReygL = mwa/8). In this way, (1.64) can be simplified and
after symmetrization of the summation variables the d.c. contribution of fluctuation
Cooper pairs to magnetoconductivity takes the form:

” S v
0% (e, H) = Zae’T Z N Gy Y} ‘ (6t
? {i.ly=0 ey ey + £uy)

Let us demonstrate the calculation of the d.c. paraconductivity in the simplest
case of a metal with an isotropic spectrum. In this case, we choose a plane wave
representation. By using &j, defined by (1.52), one has

~ de
V{pp/} = VPS])])/’ Vp = a—; = Z(XTCé'zp (165)

We do not need to keep here the imaginary part of ygr, which is necessary to
calculate particle-hole asymmetric effects only. As a result, one reproduces the AL
formula:

e2

3D case,
o =
(D)—2e T Re yaL Z =5 lz_d_ 2D film, thickness : d < &,
P ]TGZE 1 1D wi ti Y 2
16S PEVER wire, cross — section : S <K&-.

1.5.3 Paraconductivity of a Layered Superconductor

Let us return to the discussion of our general formula (1.64) for the fluctuation
conductivity tensor. A magnetic field directed along the c-axis still allows separation
of variables even in the case of a layered superconductor. The Hamiltonian in this
case can be written as in (1.36), (1.48):

H = aT, (e — 2 (Vyy —2ieAy)? — %(1 - cos(kzs)) . (1.66)

It is convenient to work in the Landau representation, where the summation over {i }
is reduced to one over the ladder of Landau levelsi = 0,1, 2. ... (each is degenerate
with a density H/® per unit square) and integration over the c-axis momentum in
the limits of the Brillouin zone. The eigenvalues of the Hamiltonian (1.66) can be
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written in the form
ey = aT, [e + %(1 —cos(k;s)) +h(2n + 1)] =e, +alch2n+1), (1.67)

where h = eH /2maT,. For the velocity operators one can write

- 1. . BN :
VO = — (—iV=2ieA)"; ¥ = —mTc sin(k.s). (1.68)
2m 2

1.5.4 In-Plane Conductivity

Let us start from the calculation of the in-plane components. The calculation of
the velocity operator matrix elements requires some special consideration. First of
all, let us stress that the required matrix elements have to be calculated for the
eigenstates of a quantum oscillator whose motion is equivalent to the motion of
a charged particle in a magnetic field. The commutation relation for the velocity
components follows from (1.68) (see [73]):

.eH, T,
= h. 1.69
2m?2 m ( )

[V, v

To calculate the necessary matrix elements, let us present the velocity operator
components in the form of boson-type creation and annihilation operators a7, a:

(T{alny = (nl@*|l) = Vnbui+1,

which satisfy the commutation relation [@,a+] = 1. We obtain

T = alch at+a
2m iat —ia )’

One can check that the correct commutation relation (1.69) is fulfilled and see that
the only nonzero matrix elements of the velocity operator are

=X,y _ aTCh ‘/781,n+1 + \/ﬁgn,l+l
vin) = V 2m ( V18151 — /185 141 ) (1.70)

Using these relations, the necessary product of matrix elements can be calculated:

aTh

(I n)(n[v¥|1) = (151n+1 + népi+1)- (1.71)
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Its substitution to the expression (1.64) gives for the diagonal in-plane component
of the paraconductivity tensor

(e ) = szczezh i o (181 41 + n8ni41) _
4m (n.1}=0 emyemy ey + ey

Summation over the subscript {/} and accounting of the degeneracy of the Landau
levels H/®¢ = 2maT.h/m (the layer area we assume to be equal one) gives for the
diagonal component of the in-plane paraconductivity tensor:

o™, H) =

2Ty n? 5 dk, & 1
%/ =z R n+ (1.72)

— " enr1En(Ent1 + €0)

1.5.5 Out-of Plane Conductivity

The situation with the out-of plane component of paraconductivity turns out to be
even simpler because of the diagonal structure of the

. ars .
Véin} = _TTC sin(k;s) X 8in x 8(k; — k).

Taking into account that the Landau state degeneracy, we write

" ez (aT.)’ (s dkz 0 sin? (k.s)
o) = T (s_ry) hZ/ Lg(ka[en(kz)]]

1.5.6 Analysis of the Limiting Cases

In principle, the expressions derived above give an exact solution for the d.c.
paraconductivity tensor of a layered superconductor in a perpendicular magnetic
field H < He (h < 1) in the vicinity of the critical temperature (¢ < 1). The
interplay of the parameters r, €, h, as we have seen in the example of fluctuation
magnetization yields a variety of crossover phenomena.

The simplest and most important results which can be derived are the components
of the d.c. paraconductivity of a layered superconductor in the absence of magnetic
field. Setting & — 0 one can change the summations over Landau levels into
integration and find

o (e, h — = _— .
(e, 0,0 =0)= A 6)] (1.73)
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" e’s e+r/2
o"(ech > 0.0=0) = = ([€(€+r)]1/2—1). (1.74)
xy

For 2D case, the sum can be calculated exactly in terms of the ¥ -functions:and
one finds the expression for the 2D magnetoconductivity:

2 l/e, h<e

e? 1 € e
op(eh)=—~-F(- )=~ 2/h, e<h , (1.75)
2s € (Zh) 16s Me+h). eth—0
where X |
F (x) = x? |:¢, (—+x)—1/f(x)——i|, (1.76)
2 2x

The 2D AL theory was extended [16, 74] to the high temperature region by
taking into account the short-wavelength and dynamic fluctuations. The following
universal formula for paraconductivity of a 2D superconductor as a function of the
generalized reduced temperature ¢ = In 7'/ T, and magnetic field was obtained [16]:

AL ¢’ ®© dx
80 t,h = — m + 1 /
aah ”,,;( ) Bl
Ingm Im25m+1 Im25m+l _ Imng
X{ 2 2 2 ;—Re [5m5m+1]} (1.77)
|Eml |Em+1] |Eml™ 1Em+1]

with

Ep = Ey (€, h,i2) =e+w[1+iz+%(2m+l)}—w(l), (1.78)

2 t n? 2
and
_n A (1.79)
8ye Heo (0) '

In the limit of zero fields, one can find [74]:

Here, it is worth making an important comment. The proportionality of the
fluctuation magnetoconductivity to h” is valid when using the parametrization
€ = (T — T.)/ Teo only. Often the analysis of the experimental data is carried
out by choosing as the reduced temperature parameter €, = (T — T.(H))/T.(H).
At that point, it is important to recognize that the effect of a weak magnetic field
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on the fluctuation conductivity cannot be reduced to a simple replacement of T, by
T.(H) in the appropriate formula without the field. In this parametrization, one
can get a term in the magnetoconductivity linear in 4. Point is that besides the
cases of the special specimen geometry, a weak magnetic field shifts the critical
temperature linearly. Such linear correction is exactly compensated by the change
in the functional dependence of the paraconductivity in magnetic field, and finally
it contains the negative quadratic contribution only.

1.5.7 Comparison with the Experiment

Although the in-plane and out-of-plane components of the fluctuation conductivity
tensor of a layered superconductor contain the same fluctuation contributions,
their temperature behavior may be qualitatively different. In fact, for o,fﬁ" , the
negative contributions are considerably less than the positive ones in the entire
experimentally accessible temperature range above the transition, and it is a positive
monotonic function of the temperature. Moreover, for HTS compounds, where
the pair-breaking is strong and the anomalous MT contribution is in the saturated
regime, it is almost always enough to take into account only the paraconductivity
to fit experimental data. Some examples of the experimental findings for in-plane
fluctuation conductivity of HTS materials can be seen in [75-82].

In Fig. 1.6, the fluctuation part of in-plane conductivity a,fg) is plotted as a
function of € = In T/ T;. on a double logarithmic scale for three HTS samples (the
solid line represents the 2D AL behavior (1/¢), the dotted line represents the 3D
one: 3.2/./€) [83]. One can see that paraconductivity of the less anisotropic YBCO
compound asymptotically tends to the 3D behavior (1/€!/?) for € < 0.1, showing
the LD crossover at € ~ 0.07; the curve for more anisotropic 2223 phase of BSCCO
starts to bend for € < 0.03 while the most anisotropic 2212 phase of BSCCO shows
a 2D behavior in the whole temperature range investigated. All three compounds
show a universal 2D temperature behavior above the LD crossover up to the limits
of the GL region. It is interesting that around € ~ 0.24 all the curves bend down
and in accordance to [74], follow the same asymptotic 1/€* behavior (dashed line).
Finally at the value ¢ ~ 0.45, all the curves fall down indicating the end of the
observable fluctuation regime.

In the case of the out-of-plane conductivity, the situation is quite different.
Both positive contributions (AL and anomalous MT) are suppressed here by the
necessity of the interlayer tunneling, what results in a competition between positive
and negative terms. Such concurrence can lead to formation of a maximum in
the temperature dependence of the c-axis resistivity. This nontrivial effect of
fluctuations on the transverse resistance of a layered superconductor allows a
successful fit to the data observed on optimally doped and overdoped HTS samples
(see, e.g., Fig. 1.7), where the growth of the resistance still can be treated as a
correction. The fluctuation mechanism of the growth of the transverse resistance
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Fig. 1.6 The normalized excess conductivity for samples of YBCO-123 (triangles), BSSCO-2212
(squares) and BSSCO-2223 (circles) plotted against € = In7' /T, on a In-In plot as described in
[83]. The dotted and solid lines are the AL theory in 3D and 2D respectively. The dashed line is

the extended theory of [74]
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Fig. 1.7 Fit of the temperature dependence of the transverse resistance of a slightly underdoped
BSCCO c-axis oriented film with the results of the fluctuation theory [84]. The inset shows the
details of the fit in the temperature range between 7 and 110 K
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can be easily understood in a qualitative manner. Indeed, to modify the in-plane
result for the case of c-axis paraconductivity, one has to take into account the
hopping character of the electronic motion in this direction. If the probability of
one-electron interlayer hopping is P;, then the probability of coherent hopping
for two electrons during the fluctuation Cooper pair lifetime rgy, is the conditional
probability of these two events: P, = P;(P;tgL). The transverse paraconductivity
may thus be estimated as o{" ~ Prot ~ P}, in complete accordance with

the result of microscopic theory. We see that the temperature singularity of UfL
turns out to be stronger than that in ol‘l*L, however, for a strongly anisotropic

layered superconductor Uf‘ is considerably suppressed by the square of the small
probability of interlayer electron hopping, which enters in the prefactor. It is this
suppression which leads to the necessity of taking into account the DOS contribution
to the transverse conductivity. The latter is less singular in temperature but, in
contrast to the paraconductivity, manifests itself in the first, not the second, order in
the interlayer transparency UEOS ~ —PiIn(1/¢). The DOS fluctuation correction
to the one-electron transverse conductivity is negative and, being proportional to the
first order of P;, can completely change the traditional picture of fluctuations just
rounding the resistivity temperature dependence around transition. The shape of the
temperature dependence of the transverse resistance mainly is determined by the
competition between the opposite sign contributions: the paraconductivity and MT
term, which are strongly temperature dependent but are suppressed by the square of
the barrier transparency and the DOS contribution, which has a weaker temperature
dependence but depends only linearly on the barrier transparency.

1.6 Quantum Superconductive Fluctuations Above H,(0)

1.6.1 Dynamic Clustering of FCPs

The qualitative picture for SF in the quantum region at very low temperatures and
close to H.,(0) drastically differs from the Ginzburg—Landau one, valid close to T¢.
As we saw above, the latter can be described in terms of the set of long-wavelength
fluctuation modes (with A = &g (T) > &pcs) of the order parameter, with the
characteristic lifetime tgp, = w#/8kp (T — Tyo) . In the former, the order parameter
oscillates in much smaller scale, the fluctuation modes with the wave-lengths up
&pcs are excited. One can imagine that FCPs here rotate in magnetic field with
the Larmor radius ~ &gcs and cyclotron frequency w. ~ Aglg. The microscopic
theory shows below that close to Hc; (0) these FCPs form some kind of quantum
liquid with the long coherence length £qr ~ &pcs/ h'/2 and slow relaxation with the
characteristic time

~ =~
tor ~ h (Bpesh) T = (H = Ho(0))/ Ha(0) (1.80)
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One sees that the functional form of Tor is completely analogous to that of 7gL:
Apcs ~ Too and the reduced field & plays the role of reduced temperature €.
Equation (1.80) can also be obtained also from the uncertainty principle. Indeed,
the energy, characterizing the proximity to the quantum phase transition is AE =
hw. (H) — ho, (He (0)) ~ Apcsh and namely this value should be used in the
Heisenberg relation instead of kg (7T — Ty), as was done in the vicinity of T,y. The

spatial coherence scale &g (ﬁ) can be estimated from the value of Tqr analogously

to consideration near Tcy. Namely, two electrons with the coherent phase starting
from the same point after the time tqr get separated by the distance

Sqr (7’> ~ (DTQF)I/2 ~ SBCS/\Fh-

To clarify the physical meaning of tor and £qp, note that near the quantum phase
transition at zero temperature, where H — H, (0), the fluctuations of the order
parameter A (r, ) become highly inhomogeneous, contrary to the situation near
Teo- Indeed, below H,; (0), the spatial distribution of the order parameter at finite
magnetic field reflects the existence of Abrikosov vortices with average spacing
(close to Hc, (0) but in the region where the notion of vortices is still adequate)
equal to

a(H) = &pcs/+v/ H/He (0) — &pcs-

Therefore, one expects that close to and above Hg; (0) the fluctuation order
parameter A®™ (r,7) also has “vortex-like” spatial structure and varies over the
scale of &gcs being preserved over the time scale tgr. In the language of FCPs,
one describes this situation in the following way. The FCPs at zero temperature
and in magnetic field close to H, (0) rotates with the Larmor radius r;, ~
vp/we (He (0)) ~ ve/Apcs ~ &pcs, which presents their effective size. During
the time 7gF, two initially selected electrons participate in the multiple fluctuating

Cooper pairings maintaining their coherence. The coherence length &g (h > Epcs

is thus a characteristic size of a cluster of such coherently rotating FCPs, and tqr
estimates the lifetime of such flickering cluster. One can view the whole system
as an ensemble of flickering domains of coherently rotating FCPs, precursors of
vortices (see Fig. 1.8).

In view of described qualitative picture of SF in the regime of QPT, let us resume
the scenario of Abrikosov lattice defragmentation. Approaching to H¢, (0) from
below, the paddles of fluctuating vortices, which are nothing else as rotating in

magnetic field FCPs, are formed. Their characteristic size is &g (lﬁl) , and they

flicker with the characteristic time Tgr (|71/|) At this stage, the supercurrent still can

flow through the sample until these paddles do not break the last percolating super-
conductive channel. Corresponding field determines the value of the renormalized
by QF second critical field: H}; (0) = Hc, (0) [1 —2Giln (1/Gi)] (see [1]). Above
this field, no supercurrent can flow through the sample more, that is it is the normal
state. Nevertheless, as demonstrate our above estimations its properties are strongly
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Snapshot visible for to-

Fig. 1.8 The sketch of cluster structure of fluctuation Cooper pairs above the upper critical field

affected by the QF. The fragments of Abrikosov lattice can be still observed here
by the following gedanken experiment. The clusters of rotating FCPs (ex-vortices)
of size &gr with some kind of the superconductive order should be found at the
background of normal metal when one takes the picture with the exposure time
shorter than ror. When the exposure time is chosen longer than zor the picture is
smeared out and no traces of Abrikosov vortex state can be found. What kind of
the order can be detected is still unclear. It would be attractive to identify these
clusters with the splinters of Abrikosov lattice, but more probably this is some kind
of quantum FCPs liquid. Indeed, presence of the structural disorder can result in
formation close to H} (0) of the hexatic phase, where the translational invariance no
longer exists, although it still conserves the oriental order in the vortex positioning.

1.6.2 Manifestation of QF Above H,, (0)

At zero temperature and fields above H, (0), the systematics of the fluctuation
contributions to the conductivity considerably changes with respect to that close
to Tco. The collisionless rotation of FCPs (they do not “feel” the presence of
elastic impurities, all information concerning electron scattering is already included
in the effective mass of the Cooper pair) results in the lack of their direct
contribution to the longitudinal (along the applied electric field) electric transport
(analogously to the suppression of one-electron conductivity in strong magnetic
fields (w.t > 1): 80)52) ~ (w.7)72, see [29]) and the AL contribution to 80((;)’”
becomes zero. The anomalous MT and DOS contributions turn zero as well but
due to different reasons. Namely, the former vanishes since magnetic fields as large
as Hg, (0) completely destroy the phase coherence, whereas the latter disappears
since magnetic field suppresses the fluctuation gap in the one-electron spectrum.
Therefore, the effect of fluctuations on the conductivity at zero temperature is
reduced to the renormalization of the one-electron diffusion coefficient. FCPs here
occupy the lowest Landau level, but all the dynamic fluctuations in the interval of
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frequencies from O to Apcs should be taken into account:

2 Agcs d 2 1
§oDCR . € / ~—w~_e_1n:_ (1.81)
Agcs Jo h+ = hoh

Apcs

In terms of introduced above QF characteristics tor and £gr one can understand
the meaning of QF contributions to different physical values in the vicinity of
H, (0) and derive others which are required. For example, the physical meaning of
(1.86) can be understood as follows: one could estimate the FCPs conductivity by
mere replacing tgr. — 7tgr in the classical AL formula, which would give SGAL ~
eerF. Nevertheless, as we already noticed, the FCPs at zero temperature cannot
drift along the electric field but only rotate around the fixed centers. As temperature
deviates from zero, the FCPs can change their state due to the interaction with
the thermal bath, that is their hopping to an adjacent rotation trajectory along the
applied electric field becomes possible. This means that FCPs now can participate in
longitudinal charge transfer. This process can be mapped onto the paraconductivity
of a granular superconductors [85] at temperatures above T, where the FCPs
tunneling between grains occurs in two steps: first one electron jumps, then the
second follows. The probability of each hopping event is proportional to the inter-
grain tunneling rate I". To conserve the superconductive coherence between both
events, the latter should occur during the FCPs lifetime tgL. The probability of
FCPs tunneling between two grains is determined as the conditional probability
of two one-electron hopping events and is proportional to Wr = I'? 7. Coming
back to the situation of FCPs above H,; (0), one can identify the tunneling rate with
temperature 7', while tg. corresponds to tgr. Therefore, to get a final expression,
§GAL should be multiplied by the probability factor Wor = 127qr of the FCPs
hopping to the neighboring trajectory:

Sofl ~ 557 Wor ~ &2 /%,

which corresponds to the asymptotic (1.86).

To estimate the contribution of QF to the fluctuation magnetic susceptibility of
the SC in the vicinity of H; (0), one can apply the Langevin formula to a coherent
cluster of FCPs and identifying its average size with the rotator radius to find

x = ey (%F (ﬁ» ~ Ees/ch

Mep.C

in complete agreement with the result of [14].

One further reproduces the contribution of QF to the Nernst coefficient. Close to
H., (0) the chemical potential of FCPs can be identified as pipcps = hw. (Heo (0))—
hw. (H) (as in [15], close to Tco, ircps = kg (Teo — T')). Corresponding derivative
dupeps/dT ~ dH (T) /dT ~ —T/Apcs. Using the relation between the latter
and the Nernst coefficient it is possible to reproduce one of the results of [15]:
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VALY ~ [tor/ me.p. | dppcps /AT ~ é&écsl/ﬁ

1.7 Fluctuation Conductivity of 2D Superconductor
in Magnetic Field: A Complete Picture

The complete expression for the total fluctuation correction to conductivity
(wt) (T, H) of a disordered 2D SC in a perpendicular magnetic field that holds
through all T-H phase diagram above the line H.,(T) is given by the sum [16]:

8oV (1, h) = 8ol + Som " + 80005 + Sop R (1.82)
with §o Al defined by (1.77) and

M
SUMT(an) + 8O’MT(reg2) — e_z (ﬁ) Z 1 / dx Il’nzgm
. > TN\l = 0)/¢+2h (m +1/2) Jooo sinh® 7x |E,,|?

2\ & 48 (b, k)

S MT(regl) _ e_ - —m_> 7 1.83
o (1) 55 2 kK 1
54005 _ e2 (h) ﬁ":/"o dx  Imé&,Imé),

Xx t) =)o sinh® 7rx |<€m|2

(1.84)
42 (h\* & 1\ < 8&/ (t.h,|k|)
§gDCR _ ¢ (7 Z —_m 2 (1.85
Oxx 3”6 t Z m + 2 Z Em (t’hv Ikl) ( )
m=0 k=—00
Here, t = T/ T,
72 H _ H

= T 069
8ye He (0) H (0)

yg = e’ (y. is the Euler constant), M = (tTcot)_l,y¢ = 1w/(8Twty), Tp
is the phase-breaking time, &, (¢, h,z) is defined by (1.78) and its derivatives
EPNt h,z) = 97Eu(t.h,z). All of them, side by side with the asymptotic
expressions for 80&00 are shown in Table 1.1.

Let us start its discussion from the first line, corresponding to the Ginzburg—
Landau region of fluctuations close to 7y and in zero magnetic field (domain I).
One can see our general expression naturally reproduces the well-known AL,
MT, and DOS contributions. The only news here is the written in the explicit
form contribution §5 PR which was usually ignored in view of the lack of its
divergency close to T¢9. Nevertheless, one can see that its constant contribution
~Inln (Tyr)™" is necessary for matching of the GL results with the neighbor
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domains YIII, IX. The domains II-III are still described by the GL theory in weak
magnetic fields and 80!V (¢, h) reproduces all available in literature asymptotic
expressions.

What is really surprising in the Table 1.1 is the domain IV, the region of quantum
fluctuations (see Fig. 1.1). Looking at the third line, one finds that the positive AL
(anomalous MT contributions here is equal to the AL one) decays with the decrease
of temperature as T2. Moreover, it is exactly canceled by the negative contribution

of the four DOS-like diagrams 3-6:

4e2y2t2
SoAL — §oMTG@n) _ _g, DOs _ *° VE© (1.86)
XX XX XX 37.[2],12

The total fluctuation contribution to conductivity 50&"‘) in this important region
<K };) is completely determined by the renormalization of the diffusion coefficient.
It turns out to be negative and at zero temperature diverges logarithmically when the
magnetic field approaches H,, (0) . The nontrivial fact following from (1.82) is that
an increase of temperature at a fixed value of the magnetic field in this domain first
results in the further decrease of conductivity

. 2¢2 1 6ygpe’t 1\’
Bolt" = = = TS 10 (Z) . (1.87)

and only at the confine with the domain V, when  ~ h , the total fluctuation contri-
bution 80&00 pass through the minimum and starts to grow. Such nonmonotonic
behavior of the of the conductivity close to H., (0) was multiply observed in
experiments [86, 87] (see Fig. 1.9).

The domain Y describes the transition regime between quantum and classical
fluctuations, while in the domains YI-YII, extended along the line H., (T),
superconductive fluctuations have already classical (but non-Ginzburg-Landau)
character. In all these three regions, one observes the same exact cancellation of
the AL and DOS contributions as in the domain I'Y and 80&0[) is determined here by
the negative DCR contribution.

Finally, in the peripheric domains YIII-IX the direct positive contribution
of fluctuation Cooper pairs (AL) to conductivity decays faster than all other:
~In"3(T/T.) . Let us stress that this exact result is in complete agreement with the
high temperature asymptotical expression for the paraconductivity of the clean 2D
superconductor. Such agreement seems natural: fluctuation Cooper pairs transport
is insensitive to the impurity scattering. Anomalous MT contribution in complete
accordance [8, 9] decays as ~ Iny, '/In"2(T/ T.y) . Contribution of the diagrams

3-6 also decays as In"2 (T/ T) , but without the large factor In Vs ', Finally, the
regular MT contribution and that one of the diagrams 7-10 decay extremely slow,
double logarithmically:
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Fig. 1.9 Temperature dependence of the FC at different fields close to H.,(0) and comparison
to experimental data for thin films of Lay—,Sr,CuO4 with T, =~ 19K and B.,(0) ~ 15T (Data
is courtesy of B. Leridon, unpublished). Note that for the theoretical curves a fixed T.oty = 10
is used, which does not necessarily agree with the experimental value. Nevertheless, the overall
behavior can be captured by this rough comparison. All curves are numerically calculated with
T.ot = 0.01

2¢e? 1 T
(DCR) _ N ~
8o PR — —33 (ln In T Inln Tco) . (1.88)

Up to the numerical factor, this expression coincides with the results [8, 10].

Equation (1.82) gives the background for the “fluctuoscopy” of superconductors,
that is extraction of its microscopic parameters from the analysis of fluctuation
corrections. Indeed, one can see that 80)&00 depends on two superconductive
parameters: Ty, H.» (0), the elastic scattering time 7, and magnetic field and
temperature dependent phase-breaking time t4 (7, H). The elastic scattering time
can be obtained from the normal state properties of superconductor, while (1.82)
can become the instrument of precise definition of the critical temperature Ty
(instead of the often “half width of transition”) and H,; (0) . Moreover, it can be
invaluable tool for the study of the temperature and magnetic field dependencies of
the phase-breaking time 74 (7, H) .

The characteristic example of the surface 80)&00 (T, H) for Tjor = 0.1 and
Toty = 0.01 is presented in Fig. 1.10. The value of 74 determines the behavior
of fluctuation corrections only in the region of low fields. Figure 1.10 is convenient
to analyze together with Fig. 1.1 where the lines §6V(T, H) = const through
all phase diagram are shown. One sees that FC is positive only in the domain
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Fig. 1.10 FC as the function of the reduced temperature 7'/T and magnetic field H/H, (0)

restricted by the lines Heo(T) and §0°Y(T, H) = 0 and is negative through all
other parts of the phase diagram. With the growth of the magnetic field, the width
of the domain where §0.°)(T, H) > 0 shrinks and turns zero close to H(0). The
behavior of FC at low temperatures, in accordance with our asymptotic analysis,
becomes nonmonotonic, the surface 80&"‘) (T, H) here has trough-shaped form. It is
interesting to note that the numerical analysis of (1.82) shows that the logarithmic
asymptotic (1.87) is valid only within the extremely narrow field range 7 < 107°.
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Chapter 2

Experimental Study of the Fluctuation-Governed
Resistive State in Quasi-One-Dimensional
Superconductors

K.Yu. Arutyunov

Abstract Physical properties of quasi-one-dimensional superconducting channels
(nanowires) can differ significantly from those of bulk superconductors. The reason
behind is the impact of thermal and quantum fluctuations. In the particular case of
resistive measurements the fluctuations may significantly broaden the superconduct-
ing transition R(T'). Here we review the activities in the field with main emphasis
on experiment, while brief theoretical background is also presented.

2.1 Introduction

The phenomenon of superconductivity was discovered as a sudden drop of resis-
tance to immeasurably small value. With the development of the topic, it was
realized that the superconducting phase transition is frequently not at all “sudden”
and the measured dependence of the sample resistance R(7') in the vicinity of
the critical temperature 7¢c may have a finite width. One possible reason for this
behavior — and frequently the dominating factor — is the sample inhomogeneity, that
is the sample might simply consist of regions with different local critical tempera-
tures. However, with improving fabrication technologies it became clear that even
for highly homogeneous samples the superconducting phase transition may remain
broadened. This effect is usually very small in bulk samples and becomes more
pronounced in systems with reduced dimensions. A fundamental physical reason
behind such smearing of the transition is superconducting fluctuations.
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An important role of fluctuations in superconductors with reduced dimension is
well known [1, 2]. Above T¢ such fluctuations yield an enhanced conductivity of
metallic systems [3-5]. For instance, the so-called Aslamazov—Larkin fluctuation
correction to conductivity §Gap, ~ (T — Tc)~?~P/? becomes large in the vicinity
of Tc, and this effect increases with decreasing dimensionality D. In the opposite
limit — at temperatures below 7¢ — it is quite obvious that in 3D (bulk) and 2D (thin
films) systems fluctuations cannot provide any measurable resistive response as the
superconducting condensate shunts the dissipative electron current. On the contrary,
in quasi-1D systems with transverse dimensions smaller than the superconducting
coherence length &, the single supercurrent channel can be easily blocked by a
fluctuation. This limit has both the significant fundamental and practical importance.
Rapidly progressing miniaturization of nanodevices requires better understanding
of fundamental limitations for the phenomenon of superconductivity in reduced
dimension. Of particular interest are the nanowires, which can be considered as
basic elements of any superconducting nanocircuit. A detailed review of the present
status of experiments in the field is the main subject of this chapter.

2.2 Theory Background

The detailed overview of the theory of fluctuations in superconductors can be
found in specialized reviews [1, 2] and in a more compact way — in Chap. 1.
Here, we will very briefly outline the main conclusions of the theory, necessary
for understanding the interesting experimental phenomenon — finite resistivity of
very narrow superconducting wires below the critical temperature 7¢.

It was first pointed out by Little [6] that quasi-one-dimensional wires made
of a superconducting material can acquire a finite resistance below T¢ of a bulk
material due to the mechanism of thermally activated phase slips (TAPS). With
the Ginzburg-Landau theory, one can describe a superconducting wire by means
of a complex order parameter W(x) = |W(x)[e¥™). Thermal fluctuations cause
deviations of both the modulus and the phase of this order parameter from their
equilibrium values. A nontrivial fluctuation corresponds to temporal suppression
of |W(x)| down to zero in some point (e.g., x =0) inside the wire. As soon
as the modulus of the order parameter |W(0)| vanishes, the phase ¢(0) becomes
unrestricted and can jump by the value 27w, where n is any integer number. After
this process, the modulus |W(0)| gets restored, the phase again becomes single
valued and the system returns to its initial state accumulating the net phase shift
27 n. Provided such phase slip events are sufficiently rare, one can restrict n by
n = %1 and totally disregard fluctuations with |n| > 2. According to the Josephson

relation V' = #h¢@/2e each such phase slip event causes a nonzero voltage drop
V across the wire. In the absence of any bias current, the net average numbers of
“positive” (n = +1) and “negative” (n = —1) phase slips are equal, thus the net

voltage drop remains zero. Applying the current I o<| ¥ |? Vg, one creates nonzero
phase gradient along the wire and makes “positive” phase slips more likely than
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“negative” ones. Hence, the net voltage drop V' due to TAPS differs from zero,
that is thermal fluctuations cause nonzero resistance R = V /I of superconducting
wires even below 7¢. We would also like to emphasize that, in contrast to the so-
called phase slip centers [7, 8] produced by a large current above the critical one
I > I¢, here we are dealing with fluctuation-induced phase slips, which can occur
at arbitrarily small values /.

A quantitative theory of the TAPS phenomenon was first proposed by Langer and
Ambegaokar [9] and then completed by McCumber and Halperin [10]. This LAMH
theory predicts that below T¢ the effective resistance R of a superconducting wire
with cross section o is determined by

R(T) = Q(T)exp(~U/ksT), U ~ HX(T)o&(T) ~ I, 2.1

where U(T) is the effective potential barrier for TAPS determined simply as the
superconducting condensation energy for a part of the wire of a minimal statistically
independent volume o&, and H.(T) and Ic are the critical magnetic field and
current, respectively. Prefactor 2(7") has much weaker temperature dependence
compared to the exponent. Formally, both the potential barrier U(T) and the
prefactor (7") depend on the bias current /. In a typical experimental configuration
I < I¢, this dependence is not essential and can be neglected.

Following the standard quantum mechanical arguments, one can expect that
there should exist an alternative (to TAPS) mechanism, where the order parameter
field W(x) tunnels under the barrier U rather than overcomes it by thermal
activation. In this case, the corresponding probability of such tunneling should be
controlled by the exponent ~ exp(—U /hwy), that is instead of the thermal energy
kgT in the activation exponent one should just substitute Awy, where wy is an
effective attempt frequency of quantum fluctuations — quantum phase slips (QPS).
Since such tunneling process should obviously persist down to infinitely small
temperatures, one arrives at a fundamentally important conclusion that in nanowires
superconductivity can be destroyed by quantum fluctuations at any temperature
including T = 0.

There have been several attempts to develop a quantitative theory of quantum
fluctuations in quasi-1D superconducting channels (for details, see Chap. 1). The
microscopic theory of QPS processes in superconducting nanowires was developed
with the aid of the imaginary time effective action technique [11-13]. This theory
remains applicable down to 7 =0 and properly accounts for nonequilibrium,
dissipative and electromagnetic effects during a QPS event. One of the main
conclusions of the theory is that in sufficiently dirty superconducting nanowires
with diameters in the ~10 nm range QPS probability can already be large enough to
yield experimentally observable resistance at temperatures 7 << 7:

Ao(T)S2,.L K
M eXp(—ZScore)v Score

— b _ R L
RT) E(T) TRy (1)

2.2)
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Here, Ry is the total normal state resistance of a wire with length L, R, =
wh/2e* = 6.453 kQ is the “superconduting” resistance quantum, § and A, are
the temperature-dependent superconducting coherence length and gap, respectively;
a ~ 1 and b ~ 1 are numeric prefactors. It should be noted that the above expression
is strictly valid only in the limit of relatively rare QPS events when the effective
wire resistance R(T) < Ry.

2.3 Sample Fabrication

As it follows from (2.1) and (2.2), effective resistance of a quasi-/D supercon-
ducting channel exponentially depends on its cross section o. Hence, a reliable
experimental observation of the impact of superconducting fluctuations requires
fabrication of very narrow superconducting wires [14].

The earliest experimental activity with quasi-1D superconductors utilized, so-
called, whiskers: single crystals with characteristic cross-section ~1 wm and length
up to 1 mm (Fig. 2.1).

Growth and basic properties of these highly anisotropic objects have been
described in literature [15]. In particular, case of widely studied superconducting
tin whiskers “squeeze” method was typically applied for their growing [16]. Then
the crystals were literally hand picked from the ingots and positioned on substrates.
The electrodes were made either by conducting paste or epoxy [17], soldered by
Wood’s metal [7, 18] or Sn-Pb alloy [19], or squeezed by a soft metal (e.g., indium)
[20]. With further development of micro- and nanotechnology hybrid whisker-
based nanostructures were fabricated [21]. The ‘body’ of the samples consisted of
a superconducting (tin) whisker embedded in a Spin-On-Glas (SOG) polymer on
the surface of Si/SiO, substrate, while the contacts were fabricated utilizing lift-off
e-beam lithography (Fig. 2.2) enabling true 4-terminal measuring configuration.

Recently an alternative method — molecular template — has been developed.
A single molecule, carbon nanotube or a DNA double helix, is placed over a

Fig. 2.1 SEM image of a
typical tin whisker. Inset
shows the magnified view of
the crystal surface [14]
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Fig. 2.2 (a) SEM image of a
hybrid microstructure. Bright whisker
horizontal line is tin whisker. B TN

(b) Enlared SEM image of the
sample with lithographically
fabricated nanocontacts [21]

168Fm WD13

substrate with a narrow (100nm to 1 pm) trench and a thin layer of metal is
deposited on top of the molecule by sputtering (Fig.2.3) [22-24]. The approach
enables fabrication of superconducting nanowires (MoGe and Nb) with effective
diameter down to ~3nm and the length up to ~1 wm. Only pseudo-four-probe
configuration is available for measurements with the deposited metal film from
both sides of the trench serving as electrodes. Similar technique has been applied
using insulating WS, nanotube as a molecular substrate covered with disordered
superconductor: amorphous « : InO [25]. Samples fabricated with molecular
template technology enable pseudo-4-terminal measurements.

With rapid progress of nanolithography, fabrication of sub-100nm nanowires
became a routine task. In a number of experimental works, quasi-1D superconduct-
ing nanostructures of different complicity have been fabricated using conventional
e-beam lithography followed by a lift-off process [14]. The big advantage of the
method is the ability to fabricate nanostructures with complicated shape and in
a rather reproducible way. Typically, the metal is deposited through the PMMA
mask using thermal or e-beam evaporation, or sputtering. For some applications,
the minimum line width of e-beam lithographically fabricated superconducting
quasi-1D nanostructures might be an issue. Although state-of-the-art e-beam writers
should provide ~15nm resolution, reproducible fabrication in this limit is still far
from being a routine. Several ‘tricks’ were suggested to obtain ~10 nm nanowires.
“Step lithography” utilizes the shadow effect produced by extremely shallow steps
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Fig. 2.3 (a) Schematics of a nanotube Sputter metal
the molecular template

method. (b) SEM image of a
carbon nanotube-based
structure [22,24]

300nm

in substrates and the corresponding tilted ion beam milling of the deposited material.
The method has been applied for fabrication of superconducting nanowires (In and
Pb-In) with triangular cross-section and the effective diameter down to ~15nm
[26,27]. Yet another method utilizing non-conventional mask — suspended stencil
technique — has been developed enabling fabrication of nanowires with effective
diameter down to ~15nm from various materials including several superconduc-
tors: Pb,Sn,Pb-Bi [28,29]. A remarkable feature of this method is the ability to vary
the cross-section of the wires in situ without warming up the cryostat in between the
sessions of measurements.

An advanced method of nanowire fabrication uses MBE grown InP layer on
a cleaved In,Ga;—,As/InP substrate as a support for thermally evaporated metal.
The method allows fabrication of very long (up to 100 wm) superconducting (A/)
nanowires with effective cross-section down to 7nm [30] enabling pseudo-4-
terminal measurements of the sample.

An alternative and to some extend complementary approach to the described
methods has been proposed recently. The idea is to use low energetic ion beam
sputtering for progressive reduction of pre-fabricated nanostructures [31,32]. Gentle
erosion of a nanostructure surface by inert ions (e.g. Ar™) enables ~1 nm accurate
reduction of the sample dimensions. The method can be applied to a large variety of
materials and nanostructures, including superconducting nanowires (Fig.2.4). The
advantage of the approach is the ability to trace evolution of size phenomena elim-
inating uncertainty related to artifacts of individual nanostructures by performing
measurements on a same sample between the sessions of sputtering. Evolution of
size-dependent properties of the same Al nanowire starting from 100 nm down to
8 nm has been demonstrated [33, 34].
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Fig. 2.4 (a) SPM images of the same section of Al nanowire after series of Ar sputtering.
Horizontal plane corresponds to the initial level of Si substrate. Bright color above — metal (Al),
dark under — sputtered substrate (S7). (b) Variation of the nanowire cross-section with the ion dose.
Inset: the corresponding dependence of Si substrate erosion [32]

2.4 Experiments

It follows from the theoretical analysis that the impact of fluctuations can be
observed in sufficiently thin superconducting wires. On top of that, it is highly
desirable to deal with structurally (and chemically) homogeneous samples in
order to eliminate spatial variations of 7¢ along the wire and rule out the effect
of (possibly existing) constrictions and tunnel barriers. It has been shown that
structural imperfections of real quasi-1D structures (nonuniform cross section,
existence of probes, and finite length effects) might effectively mask the phenomena
related to thermal or quantum fluctuations [35].

Structural and geometrical homogeneity of quasi-1D samples is the central ques-
tion in interpretation of experimental data related to contribution of superconducting
fluctuations. Theoretically, one usually assumes that (a) the critical temperature T¢
of quasi-1D wires under consideration remains spatially constant, that is it does not
vary along the wire, (b) the cross-section o does not vary along the wire either and
(c) the measuring probes are noninvasive. Unfortunately, in realistic samples none
of these conditions is usually well satisfied. To which extent can these imperfections
be neglected while interpreting the experimental data using models developed under
the assumptions (a)—(c)?

If structural imperfections (e.g., non-uniform chemical composition) can alter
the critical temperature, then the shape of the experimentally observed R(T)
dependence is determined by the sequence of transitions of various parts of the wire
with different local critical temperature 7¢(x). If the degree of such inhomogeneity
is not too strong, a step-like R(7') transition may not be observed as the variations of
the critical temperature are averaged on the scale of the coherence length & resulting
in a relatively wide “smooth-looking” R(T') dependence to some extent simulating
the impact of superconducting fluctuations.
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One might naively expect that working with superconducting samples fabricated
of initially pure material can help to eliminate the problem. Unfortunately, this is
not the case. First, properties of low-dimensional superconductors are known to
depend on the fabrication process details, such as thin film deposition rate, residual
pressure in the vacuum chamber, material of the substrate, etc. Second, even if to
make an effort to keep the fabrication parameters constant, it is hard to get rid of
size-dependent effects.

It is a well-known experimental fact that the critical temperature 7¢ of thin
superconducting films frequently differs from the one for bulk samples. The same
tendency is observed in metallic nanostructures. In indium, aluminum, and zinc,
Tc increases with decreasing characteristic dimension [26, 30, 33, 34, 36]. On the
contrary, in lead, niobium, and MoGe, an opposite tendency is observed [28, 37—
40]. No noticeable variations of 7T¢ were detected in tin nanowires. The origin of
the T¢ size dependence phenomenon is not clear. There exist models predicting
both suppression [41] and enhancement [42] of the mean field critical temperature
for low-dimensional superconductors. One can take the empirical fact of variation
of Tc with effective diameter of a superconducting nanowire as granted. It has
been shown that size-dependent effects are extremely important for interpretation of
fluctuation phenomena in quasi-1D systems [35]. The conclusion of a quantitative
analysis [35] is rather disappointing (Fig. 2.5): even chemically pure nanostructures
cannot be considered as sufficiently homogeneous as soon as the size dependence
of the critical temperature 7 comes into play. One should study atomically
homogeneous systems as single crystalline whiskers [18,19]. Unfortunately, modern
nanotechnology does not enable growth of high-quality quasi-1D single crystals
of arbitrary diameter made of all materials of interest. The lithographic processes
result in much lower quality samples. The only exception are materials, such as Al,
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Fig. 2.5 Resitive transition of a typical Al nanowire. (a) Simulated R(7") dependence. Bullets (*)
correspond to simulated R(7") transition with size dependent local critical temperature [42], but
without taking into consideration finite size effects. Solid line is TAPS calculation using realistic
fitting parameters. Shaded region corresponds to TAPS simulation allowing 10% variation of the
fitting parameters. (b) Bullets (*) — same as in Diamonds ({) represent the results of similar
calculations with contribution of the node regions. Open circles (o) denote the experimentally
measured R(7") dependence [35]
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Zn, and In, where the critical temperature decreases with reduction of the effective
dimension (e.g., nanowire diameter). Under certain conditions, experiments on lift-
off fabricated nanowires made of these materials can be interpreted using fluctuation
models developed for perfect 1D channels. Provided broadening of the R(T)
dependencies is detected below the bulk critical temperature T2I¥, the size effects
cannot account for the phenomenon, and presumably “real” physics is observed.

Although measuring the temperature dependence of the system resistance R(7")
in the vicinity of the transition point might seem a routine experimental task, in
the case of nanostructures more care is required. Typically, R(T) dependencies are
measured in the current-biased regime. A standard requirement is to keep the bias
current / much smaller than the critical (depairing) current /¢ to avoid hysteresis
effects due to overheating. Additionally, to stay within the linear response regime,
the measuring current / should remain smaller than the characteristic scale Iy =
kgTc/ Py [9,10]. Employing room-temperature electronics, it is preferable to use ac
lock-in technique to increase the signal-to-noise ratio. This can be associated with
some hidden problems. One of them is that even a tiny fraction of dc component
(e.g., from the ground loop) adds a parasitic signal ~dV/dI(T) to the “valuable”
one R(T) = V(T)/I. For this reason, it is advisable to decouple the ac current
source from the sample using a low-noise transformer.

Another problem might originate from the presence of rf filters, which are
mandatory to protect nano-sized samples from noisy electromagnetic environments.
Very often such filters are just RLC circuits shunting the rf component to the ground
through a capacitor as high as few wF. Such configuration might provide good
results with high-Ohmic systems (e.g., tunnel structures). In a superconducting
nanowire measured in 4-probe configuration, each electrode contacting the “body”
of the sample is typically made of the same material. Hence, the resistance of these
probes also drops down to zero over the same temperature range within the transi-
tion. Depending on particular configuration, at a certain 7' the ac sample impedance
might become comparable to that of the current leads through the ground, causing
the current re-arrangement throughout the sample. Even at rather low measuring
frequencies ~10 Hz, the parasitic effect might manifest itself as a nonmonotonous
R(T) dependence with unusual “bumps” or “foot” at the bottom of the transition.
Additional complication might arise from the nonnegligible dependence of the gain
of the nanovolt pre-amplifier on the total impedance of the load.

Concluding this part, an experimentalist should be extremely cautious in design-
ing the measuring set-up and in selecting samples for unambiguous interpretation
of the data on superconducting nanowires.

2.5 Thermally Activated Phase Slips (TAPS)

Very quickly after development of the theory [9, 10], two experimental groups
reported experiments aimed at verification of the model [18, 19]. At 1970s micro-
fabrication technique was not much developed. In these early studies of 1D
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superconductivity [18, 19] metallic whiskers (Fig.2.1) with characteristic diameter
~1 pwm and lengths up to 1 mm were utilized. An example of experimental R(7T")
dependence measured on tin whisker is shown in Fig.2.6. One observes a very
good quantitative agreement between the experiment and the TAPS model [9, 10].
The superconducting transition R(7T) is very steep: resistance of the sample drops
five orders of magnitude within the temperature range §7 ~ 1mK below T¢.
This is a consequence of rather large effective diameter values /o >~ 0.5um
and extremely high homogeneity of single crystals. In the case of thinner single-
crystalline structures, the width of the R(7T") dependence would be larger, cf. (2.1).
Unfortunately, the dimensions of natural grown whiskers made of superconducting
materials do not vary much. Manual manipulation of sub-1 um objects is extremely
time consuming and results in a low yield of suitable samples, while the dimensions
of whiskers are still too large to use scanning probe (SPM) technique well developed
for manipulation of nano-sized objects, such as carbon nanotubes.

There were several reports on experimental studies of 1D superconductivity
in lift-off-fabricated superconducting nanostructures (wires and loops) with the
linewidth much smaller than of whiskers. The quality of the structures is far from
perfect: the majority of superconducting thin-film structures fabricated at room
temperatures are polycrystalline with the grain size of about few tens of nm.
Deposition of metal (in particular low melting ones, such as tin or indium) on a
cryogenically cooled substrate might reduce the grain size. In contrast to whiskers,
the lift-off-fabricated superconducting nanostructures studied so far were all in the
dirty limit £ < €. Attempts to quantitatively describe the shape of superconducting
transition of these quasi-1D systems using the TAPS model failed: Experimental
curves for R(T) were always significantly broader than theoretical predictions.
Nevertheless, it was believed that with a certain adjustment of fit parameters (e.g.,
reduction of the effective size of the phase slip center), a reasonable agreement
between the experiments and the TAPS model predictions could be achieved. Later
it was shown that inevitable inhomogeneity of lift-off-fabricated nanostructures,
the presence of node regions and finite size effects can dramatically broaden the
experimentally observed dependencies R(7) making any comparison with the
TAPS theory inconclusive or even impossible (Fig.2.5) [35].

Even thinner quasi-1D structures, obtained with the molecular template decora-
tion method [22-24], were used to study TAPS. Transmission electron microscopy
(TEM) study of Nb nanowires, fabricated using the approach, revealed polycrys-
talline structure with an average grain size about few nm. To fit the data obtained
in these Nb structures, it has been proposed to represent the measured wire
conductance 1/R(T) as a sum of contributions from normal electrons above the
gap and from TAPS, 1/R(T) = 1/Ry + 1/Rraps. The experimental curves R(T)
could be reasonably well fitted [37, 38] to this phenomenological model (Fig.2.7).
It is quite surprising that the inhomogeneities in granular Nb nanowires do not seem
to broaden the R(T') curves, which can be fitted by the TAPS model developed for
homogeneous quasi-1D systems.
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Fig. 2.6 Resistance vs. temperature for tin whiskers. (a) Solid line stands for LAMH model [18].

(b) Dashed line represents LAMH model, while other lines — some other models [19]
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Fig. 2.7 Temperature dependence of the resistance of superconducting Nb nanowires obtained
by template decoration method using carbon nanotube as a substrate. Solid lines show fits to the
phenomenological model 1/R(T) = 1/Ry + 1/Rraps. The dashed and dotted lines are some
theoretical curves that include QPS contributions [37]
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Fig. 2.8 Resistance versus temperature plots for MoGe nanowires:solid curves indicate fits to the
LAMH-TAPS theory. The fitting parameters are the coherence lengths, 70.0, 19.0, 11.5, 9.4, 5.6,
and 6.7 nm, and the critical temperatures, 1.72, 2.28, 3.75, 3.86, 3.80, and 4.80 K, for samples 1-6,
respectively. Double-step shape of R(7') transitions comes from the superconducting transition of
the contact regions contributing to the 2-probe measurement configuration [40]

Interpretation of some experiments on MoGe nanowires remains under debates.
In earlier reports [39,43] very broad R(T') dependencies were observed and associ-
ated with QPS. However, in later works [38,40] broadening of the superconducting
transition in similar MoGe structures was interpreted within the TAPS model with
no QPS contribution (Fig. 2.8). On the other hand, later it was argued [44,45] that the
fits were actually produced outside the applicability range of the LAMH theory. To
fit the experimental curves R(T') for these samples using LAMH model, one should
use values for the electron mean free path £ much larger than the wire diameter
[40], which is rather unrealistic for such structures. We will return to possible
interpretation of these experiments below in connection with QPS effects.
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2.6 Quantum Phase Slips

Technological and experimental considerations for observation of QPS are even
more demanding than for TAPS. As it follows from (2.2), the effective resistance
R(T) exponentially depends on the QPS core action Scor. In a typical case of dirty-
limit £ < & superconducting nanostructures Score ~ Tcl/ 20/ PN, Where py is the
wire resistivity in the normal state. Hence, additionally to making the structure
cross-section ¢ as narrow as possible, it is desirable to select superconducting
materials with smaller values of 7¢ and perform experiments on sufficiently dirty
nanowires with higher values of py. The latter requirement is in line with the well-
known general observation that fluctuation effects are more pronounced in dirtier
systems.

Comparing (2.1) and (2.2) one comes to the conclusion that the crossover
between TAPS and QPS regimes can be expected at temperatures T ~ A(T)/kg.
For superconductors with typical material parameters and Tc ~1 K, this condition
implies that QPS effects may become important already at | 7 — T¢ | > 100 mK.
To deal with experimentally measurable resistances, it is necessary to fabricate
nanowires with effective diameters in the range /o ~10nm. The wires should
be sufficiently uniform and homogeneous in order not to override fluctuation
effects by trivial broadening of R(7T) dependencies due to wire imperfections and
inhomogeneities [35]. Thus, proper fabrication technology is vitally important for
experimental studies of QPS in quasi-1D superconductors.

Perhaps, the first experimental indication of the effect of quantum fluctuations
was obtained in amorphous MoGe nanowires with effective diameter down to
/o ~30nm [46]. Although the paper [46] was mainly focused on the effect of
disorder in low-dimensional superconductors, it was clearly stated that for the
narrowest samples significantly broader curves R(7T) were observed than it is
predicted by the TAPS model (see Fig.2.9). The effect of quantum fluctuations was
pointed out as a possible reason for this disagreement.

Detailed experimental studies of transport properties of superconducting
nanowires have been carried out by Giordano and co-workers [26, 27, 47-49].
In these experiments, /n and In — Pb wires were fabricated with effective diameters
4/0 in the range from 15nm to 100 nm with the grain size from 10 to 20 nm. For
wider structures, a reasonable agreement with the TAPS model was observed, while
for thinner wires with /o < 50nm clear deviations from TAPSpredictions were
demonstrated (see Fig. 2.10). The discrepancy was interpreted as a manifestation of
quantum phase slippage. To explain their observations, Giordano and co-workers
proposed phenomenological description based on the Caldeira—Leggett model
for macroscopic quantum tunneling with dissipation [50]. Although qualitative
agreement with this simple phenomenological model has been obtained (Fig. 2.10),
quantitative interpretation of the data is problematic due to poor uniformity of
the thinnest samples. It appears that strong granularity of the wires was most
likely a very important factor in the experiments by Giordano and co-workers. For
instance, estimating S for the thinnest wires [48] with diameters 16 and 25 nm,
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Fig. 2.9 Resistive transitions for a set of MoGe wires with different width w upon a single film of

thickness 5 nm [46]
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Fig. 2.10 Resistance (normalized by its normal state value) as a function of temperature for three
In wires; the sample diameters were 41 nm (*), 50.5nm (+) and 72 nm (o). The solid curves are
fits to the TAPS model, while the dashed curves indicate fits to the phenomenological model [26]

for the experimental parameters we obtain, respectively, Score ~ 300 and ~ 700.
For uniform wires such huge values of the QPS action would totally prohibit any

signature of quantum phase slips. Since

QPS effects were very clearly observed,

it appears inevitable that these samples contained constrictions with diameters
significantly smaller than the quoted average thickness [48].
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Fig. 2.11 R(T) dependencies for the same Pb nanowire with width w=22nm and various
thicknesses. Solid lines at the top of the transitions are fits to the Aslamazov—Larkin theory. Dashed
lines are fits to the TAPS model, which clearly yields steeper R(7') dependencies compared to the
experimental data for the thinnest wires [28]

Another set of experiments was performed by Dynes and co-workers [28,29,51].
Suspended stencil technique has been developed enabling fabrication of quench-
condensed granular nanowires with cross-section area o down to 15 nm? and length
L ranging from 1 to 2 wm from various materials including several superconductors,
such as Pb,Sn, Pb — Bi. The samples edge roughness was claimed to be about
3nm. A remarkable feature of the method is the ability to vary the wire thickness
and, hence, its cross-section ¢ at a constant width w in situ inside the cryostat in-
between the sessions of truly 4-probe R(7) measurements. The experiments clearly
indicated systematic deviations of the experimental data points R(7") from the
TAPS model predictions (Fig. 2.11). This discrepancy increases as the wires become
narrower. The width of the superconducting transition was found to scale with the
normal state resistance Ry. It should be noted that in lead nanowires as narrow
as 15nm and as thin as 10nm no low temperature resistance tails were observed.
Instead, a less dramatic but systematic broadening of the superconducting transition
beyond the TAPS limit was noted. On the other hand, long resistance tails were
always present in tin structures fabricated and measured using similar technique.
Very probably, the discrepancy comes from the difference in material parameters
exponentially strongly contributing to the fluctuation-governed R(7') dependence
(2.1) and (2.2).

It has been already mentioned in the previous section, the results of experiments
on MoGe nanowires, fabricated using molecular template method, are still under
debates. In earlier works [39, 43], it was claimed that the resistive state of these
structures is governed by quantum fluctuations, while in later experiments on similar
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Fig. 2.12 Superconducting 10° =
transitions of “long” MoGe ]
nanowires on top of
insulating carbon nanotube
used as the substrate [39,43].
Symbols stand for
calculations using the QPS
mechanism (2.2)

samples it was argued that the shape of R(T') transitions can be described by
alternative mechanisms: for example, TAPS [38] or Coulomb effects [52-55]. A
bulk of recent experimental data accumulated on MoGe nanowires was recently
reviewed in detail by Bezryadin [56]. The main observations can be summarized
as follows: (a) “shorter” nanowires (L < 200nm) demonstrate either “weakly
insulating” behavior with clear features of weak Coulomb blockade [52-55], or
relatively steep superconducting transition R(7") with virtually no samples showing
an intermediate regime, (b) “longer” samples (200nm < L < 1um) typically
showed the behavior which — similarly to the earlier data [43] — can reasonably
well be interpreted in terms of a crossover between the regimes of small and large
QPS rates (corresponding to respectively superconducting and normal behavior).
The R(T) curves of longer wires in the regime (b) showed a decrease of the
resistance with cooling no matter whether their normal state resistance Ry was
smaller or bigger than R, (contrary to the earlier observation [39]). The crossover
between normal and superconducting behavior of these long samples was found to
be controlled by the wire cross-section o or, equivalently, by the ratio Ry /L with
the overall picture consistent with the QPS scenario [11-13].

Recently, the experiments on MoGe nanowires were analyzed in detail in a
comprehensive review [2]. The main conclusion of this analysis is that only
the longest MoGe nanowires, fabricated using molecular template method, are
suitable for experimental study of fluctuation-governed mechanism (Fig.2.12). In
shorter structures, the Josephson physics or/and proximity effects might provide the
dominating contribution.

Arrays of metallic nanowires inside nanopore membranes can be fabricated using
electrochemical deposition. R(7') transitions on bundles of multiple Sn nanowires
showed clear broadening (Fig. 2.13), which was associated with QPS effects [57].
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Fig. 2.13 R(T) curves for 20, 40, 60, 70, and 100 nm wide and 6 um long Sn nanowire arrays
containing, respectively, 18, 1, 8, 15 and 53 wires in the bundle. The solid lines for 20, 40, and
60 nm wires are the results based on the TAPS model near 7 and QPS model below T¢ [57]
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Fig. 2.14 R(T) dependence for four Pb nanowires (A) — (D) with diameters 40, 55, 55, and 70 nm,
respectively. The transition is broader for narrower wires [58]

As the number of wires in the measured bundle is not known precisely, quantitative
comparison with theoretical predictions appears complicated.

Experiments with individual Pb nanowires grown using similar technique —
nanopore electrochemical deposition — show clear superconducting transitions,
which get broadened with reduction of the sample diameter (Fig.2.14). Unfortu-
nately no theory fits was provided by the authors, while the linear scale of the
reported R(T') dependencies complicates an independent quantitative comparison
[58].
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Fig. 2.15 Experimental R(7") dependence for Al nanowires (symbols and black lines). Solid color
lines stand for fits using TAPS (blue) and QPS (red) contributions [30]

A convenient material to study the phenomena associated with QPS mechanism
is aluminum. Its bulk critical temperature 72"* ~ 1.2 K is relatively low, hence, the
QPS rate should be comparatively high (2.2) enabling pronounced manifestation of
the effect. An additional useful feature of aluminum is its peculiar size dependence
of Tc. Although the origin of this effect remains unclear, an increase of 7T¢ with
reduction of the characteristic dimension of aluminum structures (wire diameter
or film thickness) is a well-known experimental fact and can be taken as granted
[42]. This peculiarity does not allow to interpret broadening of R(7")dependencies at
temperatures 7 < Té’“lk in terms of sample inhomogeneities, such as constrictions.

The observed broad R(T) dependencies in long A/ nanowires (up to 100 pum)
were associated with QPS (Fig. 2.15) [30]. Although rather scarce experimental data
make quantitative conclusions on the QPS mechanism difficult, the experiments on
long Al nanowires [30] have a clear message: (a) the width of the experimental
R(T) transitions is much larger than predicted by TAPS model, (b) no correlations
between the total normal state wire resistance Ry (compared to the quantum
resistance unit Rg = 6.45 k2) and superconductivity in such wires was found.

Aluminium was chosen for investigations of 1D superconductivity in [33, 34].
It was demonstrated that low energy Ar™ ion sputtering can progressively and
nondestructively reduce dimensions of various nanostructures including nanowires
[31,32]. The penetration depth of A7" ions into Al matrix at acceleration voltages
of ~500eV is about 2nm and is comparable to the thickness of naturally formed
oxide. The accuracy of the effective diameter determination from the normal
state resistance by SEM and SPM measurements is about +2nm. Only those
samples which showed no obvious geometrical imperfections were used for further
experiments. To a large extent, the method allows one to study the evolution of the
size phenomenon, eliminating artifacts related to uniqueness of samples fabricated
in independent processing runs. The ion beam treatment polishes the surface of the
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Fig. 2.16 R(T) curves for the thinnest samples obtained by progressive diameter reduction for the
same aluminium nanowire with length L = 10 pm. The TAPS model fitting is shown with dashed
lines for 11 and 15 nm samples. Fits using QPS mechanism are shown by solid color lines [34]

samples removing inevitable roughness just after fabrication (Fig. 2.4). If there were
no detectable geometrical imperfections in the original (thick) wires, they could not
be introduced in the course of diameter reduction by low energy ion sputtering.

After a sequence of sputterings (alternated with R(7") measurements), the wire
diameter was reduced from /o ~ 100 nm down to /o ~ 10 nm. Experiments were
performed on several sets of aluminum nanowires with length L equal to 1, 5, and
10 wm. For larger diameters /o 2 20nm, the shape of the R(T) dependence is
rather “sharp” and can be qualitatively understood by the TAPS mechanism. Note
that the abovementioned size-dependent variation of 7¢ in aluminum nanowires
results in broadening of the R(T) transition and significantly reduces applicability
of the TAPS model [35] (Fig.2.5). When the wire diameter is further reduced,
deviations from the TAPS behavior become obvious (Fig.2.16). Fits to the TAPS
model fail to provide any reasonable quantitative agreement with experiment for
diameter values below /o < 20nm even if one hypothetically assumes the
existence of unrealistically narrow constrictions not observed by SPM. And, as we
already discussed, broadening of the R(7') dependencies in aluminum nanowires
at T < T&% can hardly be ascribed to geometrical imperfections, such as
constrictions. On the contrary, the broadened R(T') curves of the thines Al samples
(Fig.2.16) can be nicely fit with the QPS model (2.2). One can conclude that the
most natural interpretation of the results [33, 34] can be associated with quantum
fluctuations.
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Fig. 2.17 R(T) dependencies for the same Ti nanowire with progressively reduced diameter
d = /0. Dot-dashed lines correspond to fits with TAPS model, and solid lines — to QPS model
with the realistic fitting parameters: £ = 3nm, A 2~ 0.4 &= 0.2, and normal state resistance and the
critical temperature determined from the experiment [59]

In very recent results the same method of progressive cross-section reduction has
been applied to titanium nanowires [59], where the impact of quantum fluctuations
should be observed on relatively ’thick” samples due to the low critical temperature
Tc and high normal state resistivity py (2.2). Indeed, the experiments [59] revealed
pronounced broadening of the R(T) dependencies inconsistent with the TAPS
model, while the fits with the QPS model provide reasonable agreement (Fig.2.17).

2.7 Conclusion

It is well established that fluctuations play an important role in structures with
reduced dimensionality. In this paper, we addressed fluctuation effects which occur
in ultrathin superconducting wires at temperatures below the mean field BCS critical
temperature. Superconducting properties of such systems have been intensively
studied both theoretically and experimentally. Various techniques were suggested
for fabrication of extremely narrow quasi-one-dimensional superconducting struc-
tures with the effective diameters down to few nanometers.

In relatively thick samples, the finite width of experimental R(T') transition
can be qualitatively understood within the formalism of thermally activated phase
slips (TAPS) [9, 10]. Various parasitic contributions impose serious limitations
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for the quantitative analysis [35]. So far only atomically pure superconducting
single crystals (whiskers) can be considered as suitable for establishment of the
quantitative agreement between the theory and experiment [18, 19].

In significantly narrower nanowires, the superconducting R(7') transition is
much wider than predicted by the TAPS mechanism. On the contrary, the model
employing quantum fluctuations (or quantum phase slips — QPS) [11-13] provides
reasonable agreement with recent experiments.

The effect of quantum fluctuations should have a universal validity, indicating
a breakdown of the zero resistance state in quasi-one-dimensional superconduc-
tors. In addition to the significant importance for the basic understanding of the
superconductivity phenomenon, quantum fluctuations set fundamental limitations
on miniaturization of nanoelectronic components designed to carry a dissipationless
supercurrent.
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Chapter 3
Crossed Andreev Reflection and Spin-Resolved
Non-local Electron Transport

Mikhail S. Kalenkov and Andrei D. Zaikin

Abstract The phenomenon of crossed Andreev reflection (CAR) is known to
play a key role in non-local electron transport across three-terminal normal-
superconducting-normal (NSN) devices. Here, we review our general theory of
non-local charge transport in three-terminal disordered ferromagnet-superconductor-
ferromagnet (FSF) structures. We demonstrate that CAR is highly sensitive to
electron spins and yields a rich variety of properties of non-local conductance,
which we describe non-perturbatively at arbitrary voltages, temperature, degree
of disorder, spin-dependent interface transmissions and their polarizations. We
demonstrate that magnetic effects have different implications: While strong
exchange field suppresses disorder-induced electron interference in ferromagnetic
electrodes, spin-sensitive electron scattering at SF interfaces can drive the total non-
local conductance negative at sufficiently low energies. At higher energies, magnetic
effects become less important and the non-local resistance behaves similarly to the
non-magnetic case. Our results can be applied to multi-terminal hybrid structures
with normal, ferromagnetic and half-metallic electrodes and can be directly tested
in future experiments.
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3.1 Introduction

In hybrid NS structures, quasiparticle current flowing in a normal metal is converted
into that of Cooper pairs inside a superconductor. For quasiparticle energies above
the superconducting gap ¢ > A, this conversion is accompanied by electron—hole
imbalance, which relaxes deep inside a superconductor. At subgap energies ¢ < A,
the physical picture is entirely different. In this case, quasiparticle-to-Cooper-pair
current conversion is provided by the mechanism of Andreev reflection (AR) [1]: A
quasiparticle enters the superconductor from the normal metal at a length of order
of the superconducting coherence length &5 and forms a Cooper pair together with
another quasiparticle, while a hole goes back into the normal metal. As a result,
the net charge 2e is transferred through the NS interface, which acquires non-zero
subgap conductance down to 7' = 0 [2].

AR remains essentially a local effect provided there exists only one NS interface
in the system or, else, if the distance between different NS interfaces greatly exceeds
the superconducting coherence length £. If, however, the distance L between two
adjacent NS interfaces (i.e. the superconductor size) is smaller than (or comparable
with) &, two additional non-local processes come into play (see Fig. 3.1). One such
process corresponds to direct electron transfer between two N-metals through a
superconductor. Another process is the so-called crossed Andreev reflection [3, 4]
(CAR): An electron penetrating into the superconductor from the first N-terminal
may form a Cooper pair together with another electron from the second N-terminal.
In this case, a hole will go into the second N-metal and AR becomes a non-local
effect. This phenomenon of CAR enables direct experimental demonstration of
entanglement between electrons in spatially separated N-electrodes and can strongly
influence non-local transport of electrons in hybrid NSN systems.

Non-local electron transport in the presence of CAR was recently investigated
both experimentally [5—13] and theoretically [14-27] (see also further references
therein) demonstrating a rich variety of physical processes involved in the problem.
It was shown [14] that in the lowest order in the interface transmission and at 7 = 0
CAR contribution to cross-terminal conductance is exactly cancelled by that from
elastic electron cotunneling (EC), i.e. the non-local conductance vanishes in this
limit. Taking into account higher order processes in barrier transmissions eliminates
this feature and yields non-zero values of cross-conductance [15].

Fig. 3.1 Two elementary $== ST T -_¢E:(3V2
processes contributing to @) W
non-local conductance of an
NSN device: (1) direct
electron transfer and (2) N, S N,
crossed Andreev reflection




3 Crossed Andreev Reflection and Spin-Resolved Non-local Electron Transport 69

Another interesting issue is the effect of disorder. It is well known that disorder
enhances interference effects and, hence, can strongly modify local subgap conduc-
tance of NS interfaces in the low energy limit [28-30]. Non-local conductance of
multi-terminal hybrid NSN structures in the presence of disorder was studied in a
number of papers [16-19,25,26]. A general quasiclassical theory was constructed
by Golubev and the present authors [25]. It was demonstrated that an interplay
between CAR, quantum interference of electrons and non-local charge imbalance
dominates the behavior of diffusive NSN systems being essential for quantitative
interpretation of a number of experimental observations [8, 10, 11]. In particular,
strong enhancement of non-local spectral conductance was predicted at low energies
due to quantum interference of electrons in disordered N-terminals. At the same
time, non-local resistance Rj, remains smooth at small energies and, furthermore,
was found to depend neither on parameters of NS interfaces nor on those of
N-terminals. At higher temperatures, Rj, was shown to exhibit a peak caused by
the trade-off between charge imbalance and Andreev reflection.

Yet, another interesting subject is an interplay between CAR and Coulomb
interaction. The effect of electron—electron interactions on AR was investigated in a
number of papers [30-32]. Interactions should also affect CAR, e.g., by lifting the
exact cancellation of EC and CAR contributions [20] already in the lowest order
in tunneling. A similar effect can occur in the presence of external ac fields [24].
A general theory of non-local transport in NSN systems with disorder and electron—
electron interactions was very recently developed by Golubev and one of the present
authors [27] direct relation between Coulomb effects and non-local shot noise. In
the tunneling limit, non-local differential conductance is found to have an S-like
shape and can turn negative at non-zero bias. At high transmissions, CAR turned
out to be responsible both for positive noise cross-correlations and for Coulomb
anti-blockade of non-local electron transport.

An important property of both AR and CAR is that these processes should
be sensitive to magnetic properties of normal electrodes because these processes
essentially depend on spins of scattered electrons. One possible way to demon-
strate spin-resolved CAR is to use ferromagnets (F) instead of normal electrodes
ferromagnet-superconductor-ferromagnet (FSF) structures. First experiments on
such FSF structures [5, 6] illustrated this point by demonstrating the dependence
of non-local conductance on the polarization of ferromagnetic terminals. Hence,
for better understanding of non-local effects in multi-terminal hybrid proximity
structures, it is necessary to construct a theory of spin-resolved non-local transport.
In the case of ballistic systems in the lowest order in tunneling, this task was
accomplished in [14]. Here, we will generalize our quasiclassical approach [15,25]
to explicitly focus on spin effects and construct a theory of non-local electron
transport in both ballistic and diffusive NSN and FSF structures with spin-active
interfaces beyond lowest order perturbation theory in their transmissions.

The structure of the paper is as follows. In Sect.3.2, we will describe non-
local spin-resolved electron transport in ballistic NSN structures with spin-active
interfaces. In Sect. 3.3, we will further extend our formalism and evaluate both local
and non-local conductances in SFS structures in the presence of disorder. Our main
conclusions are briefly summarized in Sect. 3.4.
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Fig. 3.2 Schematics of our
NSN device

3.2 Spin-Resolved Transport in Ballistic Systems

Let us consider three-terminal NSN structure depicted in Fig.3.2. We will assume
that all three metallic electrodes are non-magnetic and ballistic, i.e. the electron
elastic mean free path in each metal is larger than any other relevant size scale.
To resolve spin-dependent effects, we will assume that both NS interfaces are
spinactive, i.e. we will distinguish “spin-up” and “spin-down” transmissions of the
first (D14 and D) and the second (D> and D5} ) SN interface. All these four
transmissions may take any value from zero to one. We also introduce the angle ¢
between polarizations of two interfaces, which can take any value between 0 and 2.

In what follows effective cross-sections of the two interfaces will be denoted,
respectively, as A; and A,. The distance between these interfaces L and other
geometric parameters is assumed to be much larger than /A, », i.e. effectively both
contacts are metallic constrictions. In this case, the voltage drops only across SN
interfaces and not inside large metallic electrodes.

For convenience, we will set the electric potential of the S-electrode equal to
zero, V = 0. In the presence of bias voltages, V; and V, applied to two normal
electrodes (see Fig.3.2) the currents /1 and I, will flow through SN; and SN,
interfaces. These currents can be evaluated with the aid of the quasiclassical
formalism of nonequilibrium Green—Eilenberger—Keldysh functions [33] g*-4-K,
which we briefly specify below.

3.2.1 Quasiclassical Equations

In the ballistic limit, the corresponding Eilenberger equations take the form

[8%3 +eV(rt) — A(r, 1), <éR’A’K(pF, er, t)]
(3.1)

+ ivFV§R’A’K(pF, e,rt)=0,
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where [a,b] = ab — ba, ¢ is the quasiparticle energy, pr = mvp is the electron
Fermi momentum vector and 73 is the Pauli matrix in Nambu space. The functions
&R4K also obey the normalization conditions (§%)?> = (4)> = 1 and gRg¥X +
&% &4 = 0. Here and below the product of matrices is defined as time convolution.

Green functions §%4-K and A are 4 x 4 matrices in Nambu and spin spaces. In

Nambu space, they can be parameterized as

RAK fRAK -
sR.AK gt fEe A 0 Aio,
AK _ [ & a3 ., A= ] , 3.2
8 (fR,A,K gR,A,K) (A*102 0 (32)
where gRAK  fRAK FRAK GRAK gre 9 % 2 matrices in the spin space, A is

the BCS order parameter and o; are Pauli matrices. For simplicity, we will only
consider the case of spin-singlet isotropic pairing in the superconducting electrode.
The current density is related to the Keldysh function ¢ according to the standard
relation

N,
j(r.1) = %/ds (vrSplEsgX pr.e.r. 1)), (3.3)

where No = mp /272 is the density of state at the Fermi level and angular brackets
(...) denote averaging over the Fermi momentum.

3.2.2 Riccati Parameterization

The above matrix Green—Keldysh functions can be conveniently parameterized by

four Riccati amplitudes y %4, 784 and two “distribution functions” xX, XX (here
and below we chose to follow the notations [34]):
K RzK 5 =
AK Gr (XK —yREREpA —yREK xRy 7 A
=2N - - 2 N7, 34
g ( FRxK 4 5K54 3 _nyKyA) G4
where functions y %4 and %4 are Riccati amplitudes
. R 1|+ yRApRA 2yRA
RA _ RA
g ==£N ( _opRA | _jRAyRA (3.5)
and N %4 are the following matrices
n 1— yR,A)';R,A)—l 0
ara = (¢ . 3.6
( 0 (1 _ ?R,AyR,A)—l ( )

With the aid of the above parameterization, one can identically transform the qua-
siclassical equations (3.1) into the following set of effectively decoupled equations
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for Riccati amplitudes and distribution functions [34]

v VyRA e + eV, )y R + yRAe — eV(r,1)]

3.7
= yRAA%iory B4 — Aios,
wpViRA — e —eV(r, )] — 7R4[e + eV (r,1)]
(3.8)
= R4 Aig, 7 RA — A¥*ion,
e VxX + [e + eV, 0O))]x® —xK[e + eV(r,1)]
(3.9)
—yRA*iopx® — XK Aioy 7 = 0,
ivpVIK —[e —eV(r. O]FK + ¥K[e — eV(r.1))]
(3.10)
— 7R Aioy 7K — oy = 0.

Depending on the particular trajectory, it is also convenient to introduce a
“replica” of both Riccati amplitudes and distribution functions which — again
following the notations [34,35] — will be denoted by capital letters I” and X . These
“capital” Riccati amplitudes and distribution functions obey the same (3.7)—(3.10)
with the replacement y — I" and x — X. The distinction between different Riccati
amplitudes and distribution functions will be made explicit below.

3.2.3 Boundary Conditions

Quasiclassical equations should be supplemented by appropriate boundary con-
ditions at metallic interfaces. In the case of specularly reflecting spin-degenerate
interfaces, these conditions were derived by Zaitsev [36] and later generalized to
spin-active interfaces [37], see also [38] for recent review on this subject.

Before specifying these conditions, it is important to emphasize that the appli-
cability of the Eilenberger quasiclassical formalism with appropriate boundary
conditions to hybrid structures with two or more barriers is, in general, a non-trivial
issue [39, 40]. Electrons scattered at different barriers interfere and form bound
states (resonances), which cannot be correctly described within the quasiclassical
formalism employing Zaitsev boundary conditions or their direct generalization.
Here, we avoid this problem by choosing the appropriate geometry of our NSN
device, see Fig. 3.2. In our system any relevant trajectory reaches each NS interface
only once whereas the probability of multiple reflections at both interfaces is small
in the parameter A;.4,/L* < 1. Hence, resonances formed by multiply reflected
electron waves can be neglected, and our formalism remains adequate for the
problem in question.

It will be convenient for us to formulate the boundary conditions directly in
terms of Riccati amplitudes and the distribution functions. Let us consider the
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Fig. 3.3 Riccati amplitudes
for incoming and outgoing
trajectories from the both
sides of the interface

first NS interface and explicitly specify the relations between Riccati amplitudes
and distribution functions for incoming and outgoing trajectories, see Fig. 3.3. The
boundary conditions for I'*, I'" and X[ can be written in the form [35]

rif =rfylst + iy Est. (3.1D)
[ = S, 7 + Swvii, (3.12)
XE = rBxfrd + 1B Bt —afxkal. (3.13)

Here, we defined the transmission (¢), reflection (r), and branch-conversion (a)
amplitudes as:

rfi = +BED TS = BTSN BED T (3.14)
i =—1BEDT' S = BEN TSI BE )T (3.15)
oo =+@BoD) 7 SuBi) ™ =SB (3.16)
i =—Br) 7 SuBr)™ =SwBh) T (3.17)
afy = (RS, — SuyfBRH, (3.18)
ah = BT SHI = 7S, (3.19)
where
§=sf—yfstik, BY =S —vfsinf (3.20)
Bl = Si—vi 'Sl Bl = ST — 7Syl 3.21)

Similarly, the boundary conditions for I'X, I/, and X ¥ take the form:
IR =ikpRs) + iRy s, (3.22)
it = Shvitrd + SHyie, (3.23)

CK _ zR=K.A | 7R=K A _ =R _K_A
X[ =X, Higxpt, —agxpai,, (3.24)
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%o ) I8
’Yl'AF F2'V'~Y2'
K IXE X5zl
- . ~A / .
Lo L X 0o, 09, Xy Do Ty Xy I3, I3, X5 o
A, A, 2 Vi A, Fars Vo T V3 45t b
R |1 R| xR
re IEN KT
N ’~Yl 1 2 (720 N
! vf‘)\FA Fz“wé“ 2
=¥ (X[ Z5
1in zout

Fig. 3.4 Riccati amplitudes for incoming and outgoing trajectories for an NSN structure with
two barriers. The arrows define quasiparticle momentum directions. We also indicate relevant
Riccati amplitudes and distribution functions parameterizing the Green—Keldysh function for the
corresponding trajectory

where
=B T'S — BT ST BED T (3.25)
== 'S = BE)TST BE T (3.26)
r=+BE) T ISHBE) T = ST BT (3.27)
i =—BrnTSHBID T =S5 BT (3.28)
afy = (MRS = SHdH BN ™, (3.29)
ap, = BT Sl =S, (3.30)

Boundary conditions for 1"115 ’A, r 115 ’A, X 11,( and X 11/{ can be obtained from the above
equations simply by replacing 1 <> 1’.

The matrices S, S/, S1/1 and S/ constitute the components of the S-matrix
describing electron scattering at the first interface:

St 511/) +
S = , SST=1 (3.31
(51’1 S )

In our three terminal geometry non-local conductance arises only from trajec-
tories that cross both interfaces, as illustrated in Fig.3.4. Accordingly, the above
boundary conditions should be employed at both NS interfaces.

Finally, one needs to specify the asymptotic boundary conditions far from NS
interfaces. Deep in metallic electrodes we have
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= =yl=p=0 (3.32)
xK = ho(e + V1), K = —ho(e —eV), (3.33)
vi=9=v =7 =0, (3.34)
XX =ho(e +eVn), X = —ho(e —eVr), (3.35)

where hy(¢) = tanh(e/2T) — equilibrium distribution function. In the bulk of
superconducting electrode, we have

7 = —a(e)ioy, y{l = a*(e)ion, (3.36)
il = —[1—la(@)lho(e), (3.37)
vy = ale)ios, 73 = —a*(e)ion, (3.38)
xy = [1—la(e)"Jho(e). (3.39)

where we denoted a(s) = —(e — V&2 — A2)/ A.

3.2.4 Green Functions

With the aid of the above equations and boundary conditions, it is straightforward to
evaluate the quasiclassical Green—Keldysh functions for our three-terminal device
along any trajectory of interest. For instance, from the boundary conditions at the
second interface, we find

LY =ia(e)Ay0,, (3.40)

where Ay = Sy 0,8 ;2/02. Integrating (3.7) along the trajectory connecting both
interfaces and using (3.40) as the initial condition we immediately evaluate the
Riccati amplitude at the first interface:

o Lady+ (adrye + A)0

Y =T (@dd +2)0 02, (3.41)
0= m“h['g& Q=2 — A2, (3.42)
Employing the boundary conditions again we obtain
I =iS1v K5 [ads + (aAse + A)Q]onS T, (3.43)
I = —iaSH oS Ky [1 — (A2 A + &) Q] Syt S, (3.44)

where
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Kj=(1—-d’4;4;) — [e(1 + a*A; A;) + Aa(4; + 4))] 0. (3.45)

Ay = 028] 028 (3.46)

We also note that the relation (I'®4)* = 4R and (R4t = 4R makes

it unnecessary (while redundant) to separately calculate the advanced Riccati
amplitudes.

Let us now evaluate the distribution functions at both interfaces. With the aid of
the boundary conditions at the second interface, we obtain

X5 = Sy Sy (1= aP) ho(e) + Sa S,k
— |a|2S2/2/O'2§;2,§22/0'2S2—t2/5€§. (347)

Integrating (3.9) along the trajectory connecting both interfaces with initial condi-

tion for X 21,< , we arrive at the expression for xff

xf =[1—(adrd+2)Q] " XF
(1 — tanh?iL2/vF) [1 — (@A A + £)0]" . (3.48)

Then we can find distribution functions at the first interface. On the normal metal
side of the interface, we find

+ + +
XIK = rﬁlerﬁ + tﬁxﬁtﬁ + aﬁaﬁ (1 - |a|2) ho(e) (3.49)
where

rR = Sll,Kz_ll[(l — (@A A +€)0)ST,SE

- (3.50)
—a(ads + (akee + 4)Q)025T 0287 |,
i = S kK5 (1 = (aAA + ) Q), (3.51)
aty = iSiv K3 (ads + (adre + A)Q)0n ST, (3.52)
The corresponding expression for X IK is obtained analogously. We get
CK _ ~R~K=RT _ZRzRTt (1 | 2 h __ ~R _K~Rt
Xt =mxry —min (1—lal?) ho(e) —ayxpay (3.53)

where

i = =SS poa(l - (@424 + £)0)

— ST oS yratads + (adse + A)Q)]Kl_zlozﬁf'l/, (3.54)
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ik = 83,55 001 — (@424 + £) Q) K5 025F. (3.55)
aty =iaS} S Ky (1— (ad,A +¢€)Q). (3.56)

Combining the above results for the Riccati amplitudes and the distribution func-
tions, we can easily evaluate the Keldysh—Green function at the first interface. For
instance, for the trajectory 1°* (see Fig. 3.4), we obtain

~ + ~ ~
gf =2XK —RxKrk, gk, =2xK. (3.57)

The Keldysh—Green function for the trajectory 1™ is evaluated analogously, and
we get

gl =k gk =2(XF - LR TR (3.58)

3.2.5 Non-local Conductance: General Results

Now we are ready to evaluate the current /| across the first interface. This current
takes the form:

G A A A
I, = IIBTK(VI) — 8—2 / de Sp(rgglKoul — t3g11i<n), (3.59)
where g NN
Gy = w (3.60)
RyppL?

is the normal state conductance of our device at fully transparent interfaces, pry1(2)
is normal to the first (second) interface component of the Fermi momentum for
electrons propagating straight between the interfaces, Ny, = p%Al,z /4 define
the number of conducting channels of the corresponding interface, R, = 2/ e’ is
the quantum resistance unit.

Here, 1™ (1)) stands for the contribution to the current through the first
interface coming from trajectories that never cross the second interface. This is just
the standard BTK contribution [2,35]. The non-trivial contribution is represented by
the last term in (3.59), which accounts for the presence of the second NS interface.
We observe that this non-local contribution to the current is small as o< 1 p%LZ. This
term will be analyzed in detail below.

The functions g{i, and gle are the Keldysh Green functions evaluated on the
trajectories 1™ and 1°", respectively. Using the above expression for the Riccati
amplitudes and the distribution functions, we find
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Sp(isgfu — t3gf) = 28plrfirf — FEAET = 1)(ho(e + eV1) — ho(2))
—2Sp[FRFR" — TRORT — 1)(ho(e — eV) — ho(e)
2(1 —tanh®iL2/vF) Sp[K5;' {8228, (ho(e + eV2) — ho(e))

+ |al? Sy 0258, 82,0255, (hole — eVa) — ho(€)} K5

X (S} S —1a?(8,,028 11,8 028110)]. (3.61)
where we explicitly used the fact that in equilibrium Sp(#385. — 73 grffn) = 0.

Substituting (3.61) into (3.59), we finally obtain
I = IP™ (V) + In(V) + 1a(V). (3.62)

The correction to the local BTK current (arising from trajectories crossing also the
second NS interface) has the following form

) =—-—— / de{ Sp[r”r” — FREET —1)(ho(e + eVi) — ho(e))
— SpIFRFEY — PRIRT —1](ho(e — eVy) — ho(e))}, (3.63)
while for the cross-current we obtain
GO 2.
I,(V3) = —— de(1 — tanh IL.Q/VF)

x Sp[K5;' {82285, (ho(e + €V2) — ho(e))
+ 1a)*S220283, S 200285t (ho(e — eVa) — ho(e))} K5
x (i S1 — |a*]8]5,,028 1, ST ,02811)]. (3.64)

Equations (3.62)—(3.64) fully determine the current across the first interface at
arbitrary voltages, temperature and spin-dependent interface transmissions.

In right-hand side of (3.64), we can distinguish four contributions with different
products of S-matrices. Each of these terms corresponds to a certain sequence
of elementary events, such as transmission, reflection, Andreev reflection and
propagation between interfaces. Diagrammatic representation of these four terms
is offered in Fig.3.5. The amplitude of each of the processes is given by the
product of the amplitudes of the corresponding elementary events. For instance,
the amplitude of the process in Fig.3.5cis f = —iSlytz]Sz/z/aonZ,. In (3.64),
this process is identified by the term Sp(ff ™) with the hole distribution function
as a prefactor. It is straightforward to observe that the processes of Fig. 3.5a, b and
d correspond to the other three terms in (3.64). We also note that the processes of
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Fig. 3.5 Diagrams representing four different contributions to the cross-current /j; (3.64).
Solid (dotted) lines correspond to propagating electron-like (hole-like) excitations and #,; =
K57t/ cosh(GLR/vr)

Fig.3.5a, d describe direct electron (hole) transport, while the processes of Fig. 3.5b,
c correspond to the contribution of CAR.

Assuming that both interfaces possess inversion symmetry and reflection sym-
metry in the plane normal to the corresponding interface, we can choose S-matrices
in the following form

Su=Sw=8],=580,=U) (\/R_lgewl/z _101/2) Ut(p), (3.65)
Sy =Sy =S8, =81, =Ulp) (‘/D_lgeiel/z Due_‘@l/z) U™t (p). (3.66)
Smr = Sy = Sy = Sy = (\/R_zgeiez/z Rue—l@z/z) (3.67)
Syy = Sys = Syy = Sy = 1(\/D_2(T)3192/2 \/er _192/2) . (3.68)

Here, Ry2)1(y) = 1—Di2)1(}) are the spin-dependent reflection coefficients of both
NS interfaces, 6, , are spin-mixing angles and U(¢) is the rotation matrix in the spin
space, which depends on the angle ¢ between polarizations of the two interfaces,

_ . _( cos(p/2) —isin(p/2)
U(p) = exp(—ipo1/2) = (_isin((p 12) cos(o/2) ) (3.69)

In general, spin current is not conserved in heterostructures with spin-active
interfaces. However, single barrier with S-matrix (3.67)—(3.68) does not violate spin
current conservation [41]. It is easy to show that in our two barrier structure with
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interface S-matrices (3.65)—(3.68) spin current is conserved in the normal state for
arbitrary barriers polarizations and in superconducting state for collinear barriers
polarizations.

Substituting the above expressions for the S-matrices into (3.63) and (3.64), we
arrive at the final results for both 7;; (V) and 11,(V>), which will be specified further
below.

3.2.6 Cross-Current

First let us consider the cross-current /1,(1>). From the above analysis, we obtain

] 1 —tanh®iLQ /v

G 1
(V) = ——O/ds tanh =2 _ g =
4e 2T 2T | W(z.22.6.9)

{ D1y Dy —aP? Dyt Doy (Riy + Raot) + lal* Diy Rig Doy Rot ] [K (21 22, 6) %€
+ [D11 Doy —lal’ D1y D2y (Rig + Ray) + lal*Diy Riy Doy Roy [ IK (2, 55 e)PE
+ [Di4 D2y = laP D1y Doy (Rir + Rap) + lal* D1y Riy Doy Roy [ 1K (2 2. ) I'F
+ [D1y Doy —1al D1y D2y (Riy + Ray) + lal*Diy Rip Doy Roy | [K (21,25, €)% }

(3.70)
where we define & = cos?(¢/2), § = sin’(¢/2),

K(z1.22.8) = (1 —d’z1z2) — [e(1 4+ a*2122) + Aa(z1 + 22)] O, (3.71)
W(zi.22,6,9) = |K(z1,22,£) K(2}. 25, €) cos’(¢/2)
+ K(& 2.0K(21,35, ) sin’(9/2)
and z; = \/R;4 R; exp(it;) (i = 1,2).
Equation (3.70) represents our central result. It fully determines the non-local
spin-dependent current in our three-terminal ballistic NSN structure at arbitrary

voltages, temperature, interface transmissions and polarizations.
Let us introduce the non-local differential conductance

(3.72)

I 3l (V.
G12(V2)——#— 1;1522). (3.73)

Before specifying this quantity further it is important to observe that in general
the conductance G2(V>) is not an even function of the applied voltage V,. This
asymmetry arises due to formation of Andreev bound states in the vicinity of a spin-
active interface [42,43]. It disappears provided the spin-mixing angles 6, and 6,
remain equal to O or 7.
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In the normal state, we have /12(V2) = —Gy,, V>, where

G
Gy, = 70[(D1¢D2¢ + D1y Day) cos*(¢/2)
+ (D14 Dyy + D1y Day) sin*(p/2)]. (3.74)

Turning to the superconducting state, let us consider the limit of low temperatures
and voltage 7, V> < A. In this limit, only subgap quasiparticles contribute to the
cross-current and the differential conductance becomes voltage-independent, i.e.
112 = —G12V2, where

D4 Dy Dy Dy,
|K(Z17225 0)|25 + |K(Z17Z;s 0)|2§

G2 = Go(1 —tanh®> LA /vr)

|K (21,22, 0)*¢ — |K (21,25, 0)|’5

(1K (z1,22.0)|%¢ + |1<(zl,z§‘,0)|2§)2 .
(3.75)

+ (D1p — D1y)(Day — Dyy)

where, as before, ¢ = cos?(¢/2) and § = sin’(¢/2). In the case of spin-isotropic
interfaces, (3.75) and (3.70) reduce to the results [15].

Provided at least one of the interfaces is spin-isotropic, the conductance (3.75) is
proportional to the product of all four transmissions D4 D D24 D, , i.e. it differs
from zero only due to processes involving scattering with both spin projections
at both NS interfaces. As in the case of spin-isotropic interfaces [15], the value
Gy (3.75) gets strongly suppressed with increasing L, and at sufficiently high
interface transmissions this dependence is in general non-exponential in L. In the
spin-degenerate case for a given L the non-local conductance reaches its maximum
for reflectionless barriers D, = 1. In this case, we arrive at a simple formula

G, = Go(1 —tanh® LA /vp). (3.76)

We observe that for small L < vp/A the conductance G, identically coincides
with its normal state value Gy, = Gy at any temperature and voltage [15]. This
result implies that CAR vanishes for fully open barriers. Actually, this conclusion is
general and applies not only to small but also to any value of L, i.e. the result (3.76)
is determined solely by the process of direct electron transfer between N-terminals
for all L.

At the first sight, this result might appear counterintuitive since the behaviour
of ordinary (local) AR is just the opposite: It reaches its maximum at full barrier
transmissions. The physics behind vanishing of CAR for perfectly transparent NS
interfaces is simple. One observes (cf. Fig.3.1) that CAR inevitably implies the
flow of Cooper pairs out of the contact area into the superconducting terminal. This
flow is described by electron trajectories which end deep in the superconductor. On
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the contrary, it is obvious that CAR requires “mixing” of these trajectories with
those going straight between two normal terminals. Provided there exists no normal
electron reflection at both NS interfaces such mixing does not occur, CAR vanishes
and the only remaining contribution to the non-local conductance is one from direct
electron transfer between N-terminals.

This situation is illustrated by the diagrams in Fig.3.5. It is obvious that in
the case of non-reflecting NS interfaces, only the process of Fig.3.5a survives,
whereas all other processes (Fig.3.5b, ¢ and d) vanish for reflectionless barriers
with Rjz)4(y) = 0. The situation changes provided at least one of the transmissions
is smaller than one. In this case, scattering at SN interfaces mixes up trajectories
connecting N; and N, terminals with ones going deep into and coming from the
superconductor. As a result, all four processes depicted in Fig. 3.5 contribute to the
cross-current and CAR contribution to G, does not vanish.

In the limit |eV>|, T <« A and at zero spin-mixing angles 6;» = 0 from (3.75),
we obtain

1 —tanh®> LA /vp
|K(Z172250)|2
+ (D1p — D1y)(Dap — Dyy) cos g} (3.77)

G = Gy {D11 D1y D2y Dy,

In the lowest (first order) order in the transmissions of both interfaces and for
collinear interface polarizations (3.77) reduces to the result by Falci et al. [14]
provided we identify the tunneling density of states NoD 4, NoD;y, NoD,4, and
No D, with the corresponding spin-resolved densities of states in the ferromagnetic
electrodes. For zero spin-mixing angles and low voltages, the L-dependence of the
non-local conductance G, reduces to the exponential form G, o< exp(—2L A /vF)
either in the limit of small transmissions or large L 3> vy /A.

At arbitrary voltages and temperatures, the cross-current has a simple ¢ depen-
dence in the limit of zero spin mixing angles (6, , = 0)

Lio(p, Va) = Ta(p = 0, Va) cos*(¢/2) + Ta(p = 7, Vo) sin*(p/2),  (3.78)

i.e. in this limit at any ¢ the non-local current is equal to a proper superposition
of the two contributions corresponding to parallel (¢ = 0) and antiparallel
(¢ = m) interface polarizations. Some typical curves for the differential non-local
conductance are presented in Fig. 3.6 at sufficiently high interface transmissions and
zero spin mixing angles 6, , = 0.

Let us now turn to the limit of highly polarized interfaces, which is accounted
for by taking the limit of vanishing spin-up (or spin-down) transmission of each
interface. In this limit, our model describes an HSH structure, where H stands for
fully spin-polarized half-metallic electrodes. In this case, we obtain (D4 = Dy,
Dy, =0, Dy = Dj,and Dy = 0)



3 Crossed Andreev Reflection and Spin-Resolved Non-local Electron Transport 83

0.25 T T T
0.2
0.15
0.1
o
O 0.05
S
ER)
N .
-0.05 Dy =0.2 i
¥ Dy =05
-0.1F "- DQT =0.3 T
Dy = 0.7
0.15 g
_0.2 1 1 1
0 0.5 1 1.5 2

eVa/A

Fig. 3.6 Zero temperature differential non-local conductance as a function of voltage at zero spin-
mixing angles 6, , = 0.

G 1 —tanh?>iL£2 /v
I,(V) = —— / de [ho(e + eVa) — ho(8)] AL DD,
4e W(Zlszs g, @)
x {[1 +lal'] 1K 2. )% — 2|a|2|1<(zl,z;,e)|2§}. (3.79)

We observe that the non-local conductance has opposite signs for parallel (¢ = 0)
and antiparallel (¢ = ) interface polarizations. We also emphasize that, as it is
also clear from (3.77), the cross-conductance G, of HSH structures — in contrast
to that for NSN structures — does not vanish already in the lowest order in barrier
transmissions D4 Dy4.

In general, the non-local conductance is very sensitive to particular values of the
spin-mixing angles 8 and 6,, as illustrated, e.g., in Fig. 3.7. Comparing the voltage
dependencies of the non-local conductance evaluated for the same transmissions
and presented in Figs. 3.6 and 3.7, we observe that they can differ drastically at zero
and non-zero values of 6, 5.

At low voltages and temperatures and at zero-spin mixing angles, the non-local
conductance of HSH structures is determined by (3.77) with Dy, = D, = 0. For
fully open barriers (for “spin-up” electrons) Dy = D,y = 1, we obtain

G2 = Go(1 —tanh? LA /v) cos ¢. (3.80)
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Fig. 3.7 The same as in Fig. 3.6 for 0, = n/2, 6, = n /4

Interestingly, for ¢ = 0 this expression exactly coincides with that for fully open
NSN structures, (3.76). At the same time for small L, the result (3.80) turns out to
be 2 times bigger than the analogous expression in the normal case, i.e. for fully
open HNH structures, cf. (3.74). This result can easily be interpreted in terms of
diagrams in Fig.3.5. We observe that — exactly as for the spin degenerate case —
CAR diagrams of Fig.3.5b,c vanish for reflectionless barriers, whereas diagrams
of Fig. 3.5a,d describing direct electron transfer survive and both contribute to Gy,.
Thus, CAR vanishes identically also for fully open HSH structures. The factor of
2 difference with the normal case is due to the fact that the diagram of Fig.3.5d
vanishes in the normal limit.

3.2.7 Correction to BTK

Using the above formalism, one can easily generalize the BTK result to the case of
spin-polarized interfaces [35]. For the first interface, we have

1700 = 25 [ deliole + V)~ @01 +1al)
q

1= R, |al? 1 — Rialal?
x <|v’“| (D ulal oy 1= Riplal® )> (3.81)

ve UM =2 T Y T = a2
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Here, transmission and reflection coefficients as well as the spin mixing angle
depend on the direction of the Fermi momentum. In the spin-degenerate case, the
above expression reduces to the standard BTK result [2].

Evaluating the non-local correction to the BTK current due to the presence of the
second interface, we arrive at a somewhat lengthy general expression

1) = 52 [ dethfe + 1) = ho(e) (2W (1. 2.0.0)

Wz, 2. € ¢)
— Ri4|éK(z1/Riy, 22, 8)K(2F, 25, 8) + 5K (21/ Ry 2, ) K(F 20, 0) |

— Ry }|CK (2} /Ry.25.8)K(z1.22.6) + 5K (2} /Ry 22, €)K(21. 25, €)|2}

Gy D4 Dy
+ — | de(ho(e + eV, h _
1o e(ho(e + eVi) — ho(e)) W ..0)

X {IaIZ\EK(O,Zz,S)K(ZT,ZZ,E) + 5K(0, zz,s)K(zI‘,m,E)\z
+ [al?[eK(0.23. £)K (21, 22.€) + 5K(0.22. ) K(z1. 25 . €|

1 . -
+ a—lz|c1<’(z;,e)1<(zl,@,e) +35K (2. )K(@1. 25 )|

+ K G K 0+ K G K G o))

G
+ 22 Ryy Ry sin®(6,/2)5¢
e

(1 —tanh?iL 2 /vF)?
W(Zl , 22,8, @)

X /ds(l’lo(é‘ + eV1) — ho(e))
x [laP(D, + D) = 2lal*Diy Dy (Riy + Riy)
+ lal*(D} RY, + DY, R (3.82)

where K'(z,¢) = 0K (z1, 22, €)/0z;. This expression gets significantly simplified in
the limit of zero spin-mixing angles 6, , = 0 in which case we obtain

noy =2 / de(hoe + eVi) — ho(e))

2R |K(z1/Rip,22,8)° 1 |K(z1/R1y. 22, )7
YK Gz o) YR Gzl
K O , 2 K/ , 2 2
4+ Dy Dy, la(e)|*|K(0,22,8)|* + |K'(z2,€)|*/|a(e)] (3.83)

|K(Z15Z25 €)|2
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In contrast to the expression for the cross-current /1, (cf. (3.78)), in the limit of zero
spin-mixing angles the correction /;; to the BTK current does not depend on the
angle ¢ between the interface polarizations. In particular, at |eV;|, T < A we have
111 = G11V1 where

(1 —22)(1 —tanh> LA /vF)
[1 + 2120 + (z1 + z2) tanh LA /v¢]?

(1 +z»tanh LA/vp)? + 3(z2 + tanh LA /vp)?
[1+ 2122 + (z1 + z2) tanh LA /vp]?

G = Go(D1y + Dyy)

+ GoDyDyy

(3.84)

In the tunneling limit D4, Dy}, Dyy, Dy, < 1 we reproduce the result of Ref. [14]

G
Gy = TO(DIT + Dy})(Day + Dyy)exp(—2LA/vr), (3.85)

which turns out to hold at any value ¢.

As compared to the BTK conductance, the CAR correction (3.82) contains
an extra small factor A,/ L? and, hence, in many cases remains small and can
be neglected. On the contrary, since CAR involves tunneling of one electron
through each interface, for strongly asymmetric structures with D4, Dy, < 1 and
Dy, Dy ~ 1, it can actually strongly exceed the BTK conductance. Indeed, for
D4y < 1, Ryy Ry, < 1 and provided the spin mixing angle 6; is not very close to
7 from (3.82) we get

Go(Dit + Dyy)
cosh(2LA/vF) + cos 8y sinh(QLA /vg)’

G = (3.86)

i.e. for DD A

Bt Rt S —; exp(—2LA/vF)

(D14 +Dyy) L
the contribution (3.86) may well exceed the BTK term G?TK o« DiyDyy.
The existence of such a non-trivial regime further emphasizes the importance
of the mechanism of non-local Andreev reflection in multi-terminal hybrid NSN
structures.

3.3 Diffusive FSF Structures

Let us now turn to the effect of disorder. In what follows we will consider a three-
terminal diffusive FSF structure schematically shown in Fig. 3.8. Two ferromagnetic
terminals F; and F, with resistances ry, and ry, and electric potentials V; and V>
are connected to a superconducting electrode of length L with normal state (Drude)
resistance r; and electric potential ¥ = 0 via tunnel barriers. The magnitude
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Fig. 3.8 FSF structure under

consideration Vo z1 zp—m L Vo
S s
L =
of the exchange field 1, = |h, 2| in both ferromagnets F; and F, is assumed

to be much bigger than the superconducting order parameter A of the S-terminal
and, on the contrary, much smaller than the Fermi energy, i.e. A <« hjy < €r.
The latter condition allows to perform the analysis of our FSF system within
the quasiclassical formalism of Usadel equations for the Green—Keldysh matrix
functions G formulated below.

3.3.1 Quasiclassical Equations

In each of our metallic terminals, the Usadel equations can be written in the form
(33]
iDV(GVG) =[R2 +eV,G], G*=1, (3.87)

where D is the diffusion constant, V' is the electric potential, G and 2 are 8 x 8
matrices in Keldysh-Nambu-spin space (denoted by check symbol)

. (GRGK . (2R 0

G—(OGA), 9‘(09“A)’ (3.88)
SR _ & —éh A

G = 94 = (e_Aa* L &h) , (3.89)

¢ is the quasiparticle energy, A(T') is the superconducting order parameter, which
will be considered real in a superconductor and zero in both ferromagnets, k = k(3
in the first (second) ferromagnetic terminal, # = 0 outside these terminals and
6 = (61, 02, 03) are Pauli matrices in spin space.

Retarded and advanced Green functions GX and G have the following matrix

structure ARA ARA
o Gk FR
RA _
GRA = (_ﬁR»A —GR-A) . (3.90)

Here and below 2 x 2 matrices in spin space are denoted by hat symbol.

Having obtained the expressions for the Green—Keldysh functions G, one can
easily evaluate the current density j in our system with the aid of the standard
relation
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o
j= 16 Sp[:(GVG)X]de, (3.91)
where o is the Drude conductivity of the corresponding metal and 3 is the Pauli
matrix in Nambu space.

In what follows it will be convenient for us to employ the so-called Larkin—

Ovchinnikov parameterization of the Keldysh Green function
GK = éRf—féA, ];= fL +’L'3fT, (3.92)

where the distribution functions fL and fT are 2 x 2 matrices in the spin space.

For the sake of simplicity, we will assume that magnetizations of both ferro-
magnets and the interfaces (see below) are collinear. Within this approximation,
the Green functions and the matrix £ are diagonal in the spm space and the
diffusion-like equations for the distribution function matrices fL and fT take the
form

_DV (ﬁT(r, eV fr(r, e)) 125 ¢) frr,e) = 0, (3.93)
_DV (zﬁL(r, eV fi(r, s)) -0, (3.94)
where
Y(r,e) = —iAIm FX, (3.95)
pT = (Re GR)Z + (Im FR)Z, (3.96)
DL = (ReéR)2 - (ReﬁR)z. (3.97)

The function f}(r, ¢) differs from zero only inside the superconductor. It accounts
both for energy relaxation of quasiparticles and for their conversion to Cooper pairs
due to Andreev reflection. The functions D7 and Dt acquire space and energy
dependencies due to the presence of the superconducting wire and renormalize the
diffusion coefficient D.

The solution of (3.93)-(3.94) can be expressed in terms of the diffusion-like
functions DT and D, which obey the following equations

-DV [ﬁr(r, VDT (r,F, 8)] +23 @, e)D (r,r &) = 8(r—71). (3.98)

_DV [ﬁL(r, s)vf)L(r,r’,s)] = 8(r—7). (3.99)
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3.3.2 Boundary Conditions

The solutions of Usadel equation (3.87) in each of the metals should be matched
at FS-interfaces by means of appropriate boundary conditions which account for
electron tunneling between these terminals. The form of these boundary conditions
essentially depends on the adopted model describing electron scattering at FS-
interfaces. As before, we stick to the model of the so-called spin-active interfaces,
which takes into account possibly different barrier transmissions for spin-up and
spin-down electrons. Here, we employ this model in the case of diffusive electrodes
and also restrict our analysis to the case of tunnel barriers with channel transmis-
sions much smaller than one. In this case, the corresponding boundary conditions
read [44,45]

. . Gr « « Gm . . « .Gy . -
Ao G0.Gy = TT[G_, Gl + " [16mr3. G-}, G4] + 179”[””3, G4l.
(3.100)

v ux Grx s Guo. s x. Gy o
~Ao_G_0,G_ = TT[G+, G )+~ l{6mr;. G1).G] + 17“’[””3, G_],
(3.101)

where G_ and é+ are the Green—Keldysh functions from the left (x < 0) and from
the right (x > 0) side of the interface, A is the effective contact area, m is the unit
vector in the direction of the interface magnetization, o+ are Drude conductivities
of the left and right terminals and Gr is the spin-independent part of the interface
conductance. Along with Gr there also exists the spin-sensitive contribution to
the interface conductance, which is accounted for by the G,,-term. The value G,
equals to the difference between interface conductances for spin-up and spin-down
conduction bands in the normal state. The G,-term arises due to different phase
shifts acquired by scattered quasiparticles with opposite spin directions.

Employing the above boundary conditions we can establish the following linear
relations between the distribution functions at both sides of the interface

A0+ﬁ£3xf+r = Ao_DTo, for = gr(for — for) + &n(fir — for),
(3.102)

AU+D_L|.axf+L = Ao_DLo, fr = g1.(frr — for) + ém(for — for),
(3.103)

where g7, &1, and g, are matrix interface conductances, which depend on the
retarded and advanced Green functions at the interface

gr = Gr[(ReGF) (ReGF) + (m £F) (1m £5)], (3.104)
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21 = Gr [(Re Gﬁ) (Re Gf) . (Re ﬁf) (Re ﬁf)], (3.105)
ém = Gném (Re Gﬁ) (Re éf) . (3.106)

Note that the above boundary conditions for the distribution functions do not contain
the G,-term explicitly since this term in (3.100)—(3.101) does not mix Green
functions from both sides of the interface.

The current density (3.91) can then be expressed in terms of the distribution
function fT as

j= —:—e/Sp[ﬁTVfT]ds. (3.107)

3.3.3 Spectral Conductances

Let us now employ the above formalism to evaluate electric currents in our FSF
device. The current across the first (SF;) interface can be written as

n=1 / 11(®) Lfoe + eV) — fole)] de

- 2/812(8) [fo(e + eV2) — fo(e)] de, (3.108)
where fy(¢) = tanh(e/2T), g11 and g, are local and non-local spectral electric
conductances. Expression for the current across the second interface can be obtained
from the above equation by interchanging the indices 1 <> 2. Solving (3.93)—(3.94)
with boundary conditions (3.102)-(3.103) we express both local and non-local
conductances g;j(¢) in terms of the interface conductances and the function D. The
corresponding results read

gue) = (RIM" + Ry Ry Ripn — RY RS, + RLRY Ro — Rin R5,) K.

(3.109)
g0(e) = 1(e) = (RLME + RIRY, Rum + Ry Rim Rom + R, R} Rom) K.
(3.110)
where we defined
MTL — IQIT’LIQZT’L _ (ﬁszsL)Z’ (3.111)

R0 = ST N+ R2 RS, — RTRER?, — 2RT,RY Ry Ry — RTRE RS,
(3.112)

and introduced the auxiliary resistance matrix
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RT = g17(e)g1r(e)g1(e) — &3 ()]

n DﬂslT(rl,rl,s) N Dglsg(rl,rl,s)’
o1 Os

(3.113)

The resistance matrices l%zT , Ié{‘ and Iéé‘ can be obtained by interchanging the
indices 1 <> 2 and T <> L in (3.113). The remaining resistance matrices RITZ’L
and Ry are defined as

AT.L
RTL _ DsDyg (ri.ra, )
os ’

Rim = &im(2)[8i1(e)i1(e) — & ()] (3.115)

(3.114)

where j = 1,2. The spectral conductance g;; can be recovered from the matrix gj;
simply by summing up over the spin states

1 .
gi(e) = 5 Sp [8i(e)]. (3.116)

It is worth pointing out that (3.109), (3.110) defining, respectively, local and non-
local spectral conductances are presented with excess accuracy. This is because the
boundary conditions (3.100)—(3.101) employed here remain applicable only in the
tunneling limit and for weak spin-dependent scattering |G|, |G,| < Gr. Hence,
strictly speaking only the lowest order terms in G,,,, and G, , need to be kept in
our final results.

To proceed it is necessary to evaluate the interface conductances as well as the
matrix functions lA)lTZLS Restricting ourselves to the second order in the interface
transmissions we obtain

A20(A? — &2)

gir(e) = Grids(n.e) + G, ————Uh (o), (3.117)

. . A20(e2 — A?)

glL(s):GnVS("l,g)—G%WUl(Ua (3.118)
gim(e) = Gy Ds(r1,e)omy, (3.119)

and analogous expressions for the interface conductances of the second interface.
The matrix function

N D _
Ui(e) = Z_UII{RG [Ci(ri.r1.2hT) + Ci(ry.ry. 20))]

— 6my Re[Ci(r1.r1. 2hF) — Cy(r. 11, 2h1‘)]} (3.120)
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with hf: = h; % ¢ defines the correction due to the proximity effect in the normal
metal.

Taking into account the first-order corrections in the interface transmissions, one
can derive the density of states inside the superconductor in the following form

R . le|0(e? — A%) Dg A? R
vs(r,e) = T U_SA2—€2,.=12 Gr,ReCs(r,ri,20")
— 6m;G,, Ing(r,ri,2wR):|, (3.121)
where
Ve — A2, e> A,
o = iVAT =82, |e| < A, (3.122)
—Ve2— A2, e< A,

and the Cooperon C; (r,r’, €) represents the solution of the equation
(—DV? —ie)C(r.r',e) = §(r—7) (3.123)

in the normal metal leads (j = 1, 2) and the superconductor (j = ). In the quasi-
one-dimensional geometry, the corresponding solutions take the form

Ci( ) — fnh (L) 51, (3.124)
i(xj.xj,8) = ————=, j =12, .
J\Xj X S;Dk;
sinh[kg (L — x’)] sinh kgx
Cs(x,x',8) = , ! , 3.125
S(X Y 8) ksssDS sinh(kSL) v ( )

where Sy, are the wire cross sections and k1,5 = /—ig/Djos.

Substituting (3.121) into (3.117) and (3.118) and comparing the terms Gzl,
we observe that the tunneling correction to the density of states dominates over
the terms proportional to U, which contain an extra small factor /A /h < 1.
Hence, the latter terms in (3.117) and (3.118) can be safely neglected. In addition,
in (3.121), we also neglect small tunneling corrections to the superconducting
density of states at energies exceeding the superconducting gap A. Within this
approximation, the density of states inside the superconducting wire becomes
spin-independent g (r, &) = Govs(r, €). It can then be written as

lel

— (e - A?
(7 - 47

vs(r,e) =

Dg A%0(A? — &2) R
+ o @ Z Gr, ReCg(r,r;,20"). (3.126)

i=1.2
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Accordingly, the interface conductances take the form

&ir(e) = &1L(e) = Gryvs(ry,e), (3.127)
Gim(e) = G vs(ry,e)6m;. (3.128)

Let us emphasize again that within our approximation the G,-term does not enter
into expressions for the interface conductances (3.127)—(3.128) and, hence, does not
appear in the final expressions for the conductances gij(¢).

In the limit of strong exchange fields #,, 3> A and small interface transmis-
sions considered here the proximity effect in the ferromagnets remains weak and
can be neglected. Hence, the functions ZA)ITL (r1,r1,€) and @ZTL (ra,r2,€) can be
approximated by their normal state values

DIt (r1.r1.e) = ovry,1/D1, (3.129)
2ADzT’L("Z»"ZsE) = 027N21/D2, (3.130)
ry, =Lj/(0;S;), j=1.2, (3.131)

where ry, and ry, are the normal state resistances of ferromagnetic terminals. In
the superconducting region, an effective expansion parameter is Gr, ,7¢s(¢), where
reg(e) = &s(e)/(osSs) is the Drude resistance of the superconducting wire segment
of length £5(g) = +/Ds/2|wR| and w? is the function of & according to (3.122). In
the limit

Gripres(e) <1, (3.132)

which is typically well satisfied for realistic system parameters, it suffices to evaluate
the function D§ (x, x’, &) for impenetrable interfaces. In this case, we find

A2 _ 82
. > Cs(x,x",208), ¢ < A,
DE(x.x"e) =1 ,4%, (3.133)

~A
L x,0), el > A
&

We note that special care should be taken while calculating D% (x, x', ¢) at subgap
energies, since the coefficient D* in (3.94) tends to zero deep inside the super-
conductor. Accordingly, the function Dé (x,x’, &) becomes singular in this case.
Nevertheless, the combinations ﬁf (ME)~" and RE (M%)~ remain finite also in
this limit. At subgap energies, we obtain

1
2Ked/g:5(5)
4+ —
rgs (S)GTI GT2
(3.134)

REME)™ = REME)™! = REWMH ™! =

Ny +
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where k = 1 — e?/A? and d = |x, — x1]| is the distance between two FS contacts.
Substituting the above relations into (3.110), we arrive at the final result for the
non-local spectral conductance of our device at subgap energies (|¢| < A)

g12(e) = gai(e)

_ Kres(e) exp[—d [Es(e)]
2[rn, + 1/gr1(O]lrn, + 1/ gr2(8)]

Gm Gm 1
< |1+ mim; 1 2

K grie) grale) . 4 wr% (e)Gr, Gre=d/5s(®)
(3.135)

Equation (3.135) represents the central result of this section. It consists of
two different contributions. The first of them is independent of the interface
polarizations m ;. This term represents direct generalization of the result [25] in
two different aspects. First, the analysis [25] was carried out under the assumption
rN,8T12(8) << 1, which is abandoned here. Second (and more importantly),
sufficiently large exchange fields 71, > A of ferromagnetic electrodes suppress
disorder-induced electron interference in these electrodes and, hence, eliminate
the corresponding zero-bias anomaly both in local [28-30] and in non-local [25]
spectral conductances. In this case, with sufficient accuracy one can set gri(¢) =
Grivs(x;, ¢) implying that at subgap energies gri(¢) is entirely determined by the
second term in (3.126), which yields in the case of quasi-one-dimensional electrodes

AzGTl T'ts (¢)

gri(e) = @) [Gr, + Gr,e /5], (3.136)
A2Gr,re (€) _
gra(e) = W_ﬁz) [Gr, + Gre /5] (3.137)

Note, that if the exchange field /), in both normal electrodes is reduced well
below A and eventually is set equal to zero, the term containing U, (e) in (3.117),
(3.118) becomes important and should be taken into account. In this case, we again
recover the zero-bias anomaly [28-30] gri(g) o 1/+/¢ and from the first term in
(3.135) we reproduce the results [25] derived in the limit /2; , — 0.

The second term in (3.135) is proportional to the product m;m,G,,;G,» and
describes non-local magnetoconductance effect in our system emerging due to spin-
sensitive electron scattering at FS interfaces. It is important that — despite the strong
inequality |G| < G; — both terms in (3.135) can be of the same order, i.e. the
second (magnetic) contribution can significantly modify the non-local conductance
of our device.

In the limit of large interface resistances 7y, ,g71.2(¢) < 1, the formula (3.135)
reduces to a much simpler one



3 Crossed Andreev Reflection and Spin-Resolved Non-local Electron Transport 95

£0) = g (0) = "= expl-d /g5 )
AZ_ 2 AZ
X[ A - gn(S)grz(S)+m1szm1szm}. (3.138)

Interestingly, (3.138) remains applicable for arbitrary values of the angle between
interface polarizations m; and m; and strongly resembles the analogous result for
the non-local conductance in ballistic FSF systems (cf., e.g., (3.77) in the previous
section). The first term in the square brackets in (3.138) describes the fourth order
contribution in the interface transmissions, which remains non-zero also in the limit
of the non-ferromagnetic leads [25]. In contrast, the second term is proportional
to the product of transmissions of both interfaces, i.e. only to the second order in
barrier transmissions. This term vanishes identically provided at least one of the
interfaces is spin-isotropic.

Contrary to the non-local conductance at subgap energies, both local conduc-
tance (at all energies) and non-local spectral conductance at energies above the
superconducting gap are only weakly affected by magnetic effects. Neglecting small
corrections due to G, term in the boundary conditions, we obtain

gne) = RIM")™, m(e) = RE (M), (3.139)

g2(e) = gu(e) = RLMN) ™ Je] > A, (3.140)

Equations (3.139) and (3.140) together with the above expressions for the non-
local subgap conductance enable one to recover both local and non-local spectral
conductances of our system at all energies. Typical energy dependencies for both
g11(¢) and g12(¢) are displayed in Fig. 3.9. For instance, we observe that at subgap

energies the non-local conductance gi, changes its sign being positive for parallel
and negative for antiparallel interface polarizations.

3.3.4 1I-V Curves

Having established the spectral conductance matrix gijj(¢), one can easily recover
the complete I — V curves for our hybrid FSF structure. In the limit of low bias
voltages, these I — V' characteristics become linear, i.e.

I = Gu(T)Vi = Ga(T) V2, (3.141)
L= =G (T)V1 + Gu(T)V2, (3.142)

where Gij(T') represent the linear conductance matrix defined as
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Fig. 3.9 Local (long-dashed line) and non-local (short-dashed and solid lines) spectral con-
ductances normalized to its normal state values. Here, we choose ry, = ry, = 5rg(0),
X =L —x3 = 565(0), x2 — x; = §5(0), G, = G, = 4Gy, = 4Gy, = 0.2/r45(0). Energy
dependence of non-local conductance is displayed for parallel (P) m;m, = 1 and antiparallel (AP)
m;m, = —1 interface magnetizations. Inset: The same in the limit of low energies

de

= (3.143)
cosh? ﬁ

1
Gi(T) = ﬁ/gij(e)

It may also be convenient to invert the relations (3.141)-(3.142), thus expressing
induced voltages V] ; in terms of injected currents /| »:
Vi=Ru(T) ) + Ria(T) 1, (3.144)
Vo = Ru(T) 11 + Rn(T) 1, (3.145)
where the coefficients R;;(1") define local (i = j) and non-local (i # j) resistances
Gn(T)
G1(T)Gn(T) — GL(T)’

Go(T)
G11(T)Gn(T) — GL(T)

R (T) = (3.146)

Rix(T) = Ry (T) = (3.147)
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Fig. 3.10 Non-local resistance (normalized to its normal state value) versus temperature (normal-
ized to the superconducting critical temperature 7 ) for parallel (P) and antiparallel (AP) interface
magnetizations. The parameters are the same as in Fig. 3.9

and similarly for Ry, (7). In non-ferromagnetic NSN structures, the low temperature
non-local resistance Rjp(T — 0) turns out to be independent of both the
interface conductances and the parameters of the normal leads [25]. However, this
universality of Rj, does not hold anymore provided non-magnetic normal metal
leads are substituted by ferromagnets. Non-local linear resistance R, of our FSF
structure is displayed in Figs. 3.10 and 3.11 as a function of temperature for parallel
(mym, = 1) and antiparallel (m;m, = —1) interface magnetizations. In Fig. 3.10,
we show typical temperature behaviour of the non-local resistance for sufficiently
transparent interfaces. For both mutual interface magnetizations R, first decreases
with temperature below 7¢ similarly to the non-magnetic case. However, at lower T
important differences occur: While in the case of parallel magnetizations R, always
remains positive and even shows a noticeable upturn at sufficiently low 7', the
non-local resistance for antiparalle]l magnetizations keeps monotonously decreasing
with 7" and may become negative in the low temperature limit. In the limit of very
low interface transmissions, the temperature dependence of the non-local resistance
exhibits a well-pronounced charge imbalance peak (see Fig.3.11) which physics is
similar to that analyzed in the case of non-ferromagnetic NSN structures [19,23,25].
Let us point out that the above behaviour of the non-local resistance is qualitatively
consistent with available experimental observations [5,6]. More experiments would
be desirable to quantitatively verify our theoretical predictions.
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Fig. 3.11 The same as in Fig.3.10 for the following parameter values: ry, = ry, = 5rg(0),

X = L— Xy = 555(0), Xy — X1 = Ss(o), GT1 = GTz = 25Gm1 = 25Gm2 = 0025/7‘%6_S (0)

3.4 Concluding Remarks

In this paper, we developed a non-perturbative theory of non-local electron transport
in both ballistic and diffusive NSN and FSF three-terminal structures with spin-
active interfaces. Our theory is based on the quasiclassical formalism of energy-
integrated Green-Eilenberger functions supplemented by appropriate boundary
conditions describing spin-dependent scattering at NS and FS interfaces. Our
approach applies at arbitrary interface transmissions and allows to fully describe
non-trivial interplay between spin-sensitive normal scattering, local and non-local
Andreev reflection at NS and FS interfaces.

In the case of ballistic structures, our main results are the general expressions
for the non-local cross-current /5, (3.70), and for the non-local correction [;;
to the BTK current, (3.82). These expressions provide complete description of
the conductance matrix of our three-terminal NSN device at arbitrary voltages,
temperature, spin-dependent transmissions of NS interfaces and their polarizations.
One of our important observations is that in the case of ballistic electrodes no
crossed Andreev reflection can occur in both NSN and HSH structures with fully
open interfaces. Beyond the tunneling limit, the dependence of the non-local
conductance on the size of the S-electrode L is in general non-exponential and
reduces to G, o< exp(—2L A /vr) only in the limit of large L. For hybrid structures,
half-metal-superconductor-half-metal we predict that the low energy non-local
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conductance does not vanish already in the lowest order in barrier transmissions
Gy, x D 11 DzT.

In the second part of our paper, we addressed spin-resolved non-local electron
transport in FSF structures in the presence of disorder in the electrodes. Within
our model transfer of electrons across FS interfaces is described in the tunneling
limit and magnetic properties of the system are accounted for by introducing (a)
exchange fields £, in both normal metal electrodes and (b) magnetizations m; »
of both FS interfaces. The two ingredients (a) and (b) of our model are in general
independent from each other and have different physical implications. While the role
of (comparatively large) exchange fields /41, > A is merely to suppress disorder-
induced interference of electrons [28-30] penetrating from a superconductor into
ferromagnetic electrodes, spin-sensitive electron scattering at FS interfaces yields
an extra contribution to the non-local conductance, which essentially depends on
relative orientations of the interface magnetizations. For anti-parallel magnetiza-
tions, the total non-local conductance gj, and resistance R, can turn negative
at sufficiently low energies/temperatures. At higher temperatures, the difference
between the values of Rj, evaluated for parallel and anti-parallel magnetizations
becomes less important. At such temperatures, the non-local resistance behaves
similarly to the non-magnetic case demonstrating, e.g., a well-pronounced charge
imbalance peak [25] in the limit of low-interface transmissions.

Our predictions can be directly used for quantitative analysis of experiments on
non-local electron transport in hybrid FSF structures.
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Chapter 4

Non-local Transport

in Superconductor-Ferromagnet Hybrid
Structures

D. Beckmann

Abstract We review recent experimental results on non-local transport in
superconductor—ferromagnet hybrid structures. We will focus mainly on crossed
Andreev reflection and its relation to competing non-local transport phenomena
such as elastic cotunneling, charge imbalance and spin diffusion.

4.1 Introduction

Non-local transport experiments have proven to be a powerful tool to investigate
non-equilibrium conditions in nanostructures, such as charge imbalance (CI) in
superconductors [1-3], or spin accumulation in normal metals [4]. In this chapter,
we review recent experimental investigations of coherent non-local transport in
multi-terminal superconductor hybrid structures [5-16]. The impetus for these
experiments comes mainly from the prediction of crossed Andreev reflection (CAR)
[17,18], a non-local transport process, where an electron entering a superconductor
from one normal-metal contact is reflected as a hole into a second nearby contact,
creating a Cooper pair in the superconductor. This process is possible at energies
below the energy gap A of the superconductor, if the distance d between the two
contacts is not much larger than the coherence length &g, as shown schematically
in Fig. 4.1a. One of the consequences of CAR is the creation of spatially separated,
entangled electron pairs in the two normal-metal wires. Building efficient super-
conducting solid-state entangler devices requires a comprehensive understanding
not only of CAR, but also of competing non-local processes, such as the transfer
of an electron from one electrode to the other at subgap energies via virtual
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Fig. 4.1 Schematic view of crossed Andreev reflection (a) and elastic cotunneling (b). Filled
symbols represent electrons and open symbols represent holes. The arrows inside the symbols
indicate spin bands. (¢) Energy scheme of CAR and EC

states in the superconductor. To lowest order in transmission probabilities, i.e., in
tunnel junctions, this process is similar to cotunneling in a quantum dot, and is
therefore usually referred to as elastic cotunneling (EC). Upon increasing contact
transparency, higher order processes start to contribute, and the term cotunneling
becomes slightly misleading. However, since it has been widely used in the
literature, we will stick to it here. A schematic view of EC is shown in Fig.4.1b.
Figure 4.1c shows a representation of CAR and EC in the semiconductor model of
superconductivity. If a bias V, is applied to one contact (A), CAR and EC lead
to the emission of a holes or electrons, respectively, into the second contact B.
Consequently, both contribute with opposite sign to the non-local conductance.

In Fig.4.2a, a generic multi-terminal setup for non-local transport experiments
is shown. Two terminals A and B are in contact with a grounded central node C.
Bias voltages Va and V3 are applied to the two terminals, and the currents /5 and
I flowing into the central node are measured. In this geometry, transport can be
described by the conductance matrix

W-EEe
I Gga Ggp Vs

where the off-diagonal elements Gag and Gga describe non-local transport, while
local conductances are represented by the diagonal elements. The generalization to
differential conductances gj; = d/; /dV; is straightforward. The output of theories
of coherent transport processes are typically the elements of the conductance
matrix (4.1). In actual experiments, however, often non-local resistance is measured:
current bias 7, is applied to one contact, and the non-local voltage Vg is measured
under the condition /g = 0, as shown in Fig. 4.2b. Therefore, it is often necessary
to convert between non-local conductance and non-local resistance by inverting the
conductance matrix. The non-local resistance Rap is given by

Vi G G
Rap = -2 = — AB N (4.2)
I GaaGre — GapGpaa GaaGas
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Fig. 4.2 (a) Idealized view of a non-local conductance setup. Two contacts A and B are attached
to a grounded central normal-metal or superconductor node (S/N). The contacts are voltage biased,
and the resulting currents are measured. Arrows indicate current polarities. (b) Schematic view
of many actual experiments. Contact A is currentbiased, and the resulting non-local voltage is
measured at contact B

The approximate expression holds if the non-local conductances are negligible
compared to the local conductances, which is usually the case.

4.2 Experiments

In this section, we discuss in detail our recent experimental investigations of non-
local transport in superconductor/ferromagnet and superconductor/normal-metal
hybrid structures. We focus mainly on the discussion of coherent subgap transport,
and possible implications for superconducting entangler devices.

4.2.1 F/S Point Contacts

Local Andreev reflection dominates transport in high-transparency contacts, and
therefore multiterminal structures with transparent point contacts are a natural
starting point for the investigation of crossed Andreev reflection. Figure 4.3
shows a multi-terminal superconductor—ferromagnet hybrid structure with three
ferromagnetic wires forming small contacts to an aluminum bar [5]. The structure
has been fabricated by electron-beam lithography using a two-layer shadow mask.
Metal films were deposited through the mask under different angles relative to the
substrate normal in a UHV evaporation chamber. First, a 20-nm thick iron film is
evaporated to form the ferromagnetic tips. Then, an 80-nm thick aluminum film is
evaporated. The angle is chosen such that the aluminum film slightly touches the
iron tips. Thus, small contacts of about 20 x 50 nm? are formed. We will show here
results of non-local resistance measurements on two samples, T2 (shown in Fig. 4.3)
and S5, which has six rather than three contacts at varying distance.
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VAT v, 1

+g -
Fig. 4.3 SEM image of a ferromagnet—superconductor multiterminal structure (sample T2). Three
iron wires (vertical) of slightly different width form small contacts to the aluminum strip (fop).
The two outer iron wires have additional lateral wires attached for use as voltage probes. The

measurement scheme for local and non-local resistance is also shown for a pair of contacts. A
current /4 is injected into one contact, and the local (V) or non-local (V) voltage is measured

4.2.2 Spin Accumulation

We first characterize the spin-valve behaviour in the normal state, and establish con-
trol over the magnetization configuration. Figure 4.4a shows the non-local resistance
for a pair of contacts of sample T2 at T = 4.2 K, i.e. with the aluminum strip in
the normal state, as a function of magnetic field B applied along the ferromagnetic
wires. The traces exhibit sharp, well-defined jumps at two distinct coercive fields,
B.; = 15mT and B, = 50 mT. These jumps correspond to magnetization reversal
of the two ferromagnetic wires. The magnetization reversal is inferred from the
resistance measurements only indirectly. Therefore, micromagnetics simulations
have been performed to study the magnetization process of a two-dimensional iron
film with the actual shape of sample T2 taken from the SEM image (Fig.4.3),
using the micromagnetics simulation package OOMME.! The results indicate that
the wires leading to the contacts indeed have single-domain configuration with
coherent magnetization reversal, compatible with the observed step-like resistance
change. From the hysteresis loops, the non-local resistance difference ARy =
R%arauel - Ri? tparallel ot zero applied magnetic field, i.e. the spin-valve signal, can
be obtained.

Spin injection in metallic spin valves is governed by the characteristic resistances
HeN = PrNAEN/ 9N, Where p, A and o are the resistivities, spin-diffusion
lengths, and cross-sections of the ferromagnet (F) and normal metal (N), respec-
tively. Since Ap is usually only a few nanometers [19, 20], .o is actually given by
the contact cross-section. Despite the large resistivity of ferromagnets in typical

"http://math.nist.gov/oommf.
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Fig. 4.4 (a) Non-local resistance R for a contact pair of sample T2 at 7 = 4.2 K as a function
of magnetic field B applied along the direction of the ferromagnetic wires. Both major (black,
red) and minor (blue, green) hysteresis loops are shown. The sample shows well-defined switching
between parallel and antiparallel magnetization states. Magnetization states are indicated by green
arrows. (b) Non-local resistance difference A Ry between parallel and antiparallel magnetization
state for different contact pairs of two samples (T2 and S5) at T = 4.2 K as a function of contact
distance d. The solid lines are fits to (4.3)

spin valves with large-area overlap junctions, one consequently finds Zr < %,
the so-called resistance mismatch [21]. In our samples, we estimate Zr & 3£2 and
Zn ~ 1£2. Due to the small contact area, we are in the opposite limit, Zg > %Nn.
In this case,

ARN = P’ exp (—i) (4.3)

AN

can be obtained from the general expression given in [22]. The formula has the same
structure as for the tunnel limit, but contains the spin polarization P, of the bulk
conductivity rather than the polarization P of the contact conductance. In contrast
to the case of metallic overlap junctions, spin-injection by point contacts does not
depend explicitly on the spin-diffusion length A of the ferromagnet. Therefore, it
can be used to obtain P, directly.

The spin-valve signal ARy is shown in Fig.4.4b for two different samples T2
and S5 as a function of contact distance d at T = 4.2 K, together with fits to (4.3).
From these fits, and with the known resistivities and sample geometry, P, and Ay
can be obtained (see Table 4.1).

In paramagnetic metals, the dominant spin-flip scattering process is spin-orbit
scattering via the Elliott-Yafet mechanism [23,24]. Spin-orbit scattering introduces
a small admixture of spin-down electrons to spin-up bands, and vice-versa.
Consequently, any momentum scattering will lead to some amount of spin scattering
as well. With this assumption, the spin-flip time can be expressed as 74y = o,
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Table 4.1 Measured residual resistivity py and elastic mean free path /g of the aluminum at 7 =
4.2 K, parameters P,, ANy and « obtained from the fits shown in Fig. 4.4b, and parameters Pg and
&s obtained from the fits shown in Fig. 4.6b, as described in the text

Sample T2 S5
PN 2.85 1.41 pQcm
Lo 15.6 31.6nm
P, 22 16 %
AN 505 1,150 nm
o 32 2.5x107*
Pg, fitto (4.6) 51 47 %
£, fit to (4.6) 275 345nm
&, fit to exponential 160 190 nm
&g, calculated 160 230 nm
a
1.5 —
1.0 =
g | . g
o <
0.5 =
L 5 ] i ]
0.0 . | . I ) | P R BRI B
0.0 0.5 1.0 1.5 0 200 400 600 800
T (K) d (nm)

Fig. 4.5 (a) Non-local resistance Ry for a contact pair of sample S5 as a function of temperature
T with parallel magnetization aligment. The red line is a fit to (4.4). (b) Prefactor A obtained from
the fit as a function of contact distance d

where 7 is the momentum scattering time, and « is a proportionality constant that
depends on material and momentum scattering mechanism. With Ay = /D tgt, and
D = vg7/3, we obtain Ay = [/1/3, where [ is the transport mean free path, i.e.
Ast ¢ p~ L. The value of @ ~ 3 x 107 for elastic impurity scattering in aluminum
obtained from our samples agrees well with the results reported in the literature [20].

4.2.3 Charge Imbalance

Figure 4.5a shows the temperature dependence of the non-local resistance for a
contact pair of sample S5 in parallel magnetization alignment as the sample is
cooled through the superconducting transition at zero-applied magnetic field. At
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T. ~ 1.2 K, a large peak due to charge imbalance is observed [1,2]. As T is
lowered further and the gap opens, the fraction of current that is injected into the
superconductor via quasiparticle transmission decreases, and consequently charge
imbalance disappears. At temperatures below about 0.5 K, current injection is
dominated by Andreev reflection, and the non-local signal becomes independent
of temperature.

To describe our experiment, we decompose the charge-imbalance contribution
to the non-local resistance into a normalized temperature dependence Z(7'), and a
distance-dependent amplitude A(d)

Ri(T,d) = A(d)Z(T). 4.4)

For the amplitude, we assume that CI spreads over the length scale Ao+ from the
injector, which yields [25-28]

pNAQ* d
Ald) = - . 4.
@)= =21 exp( AQ*) (4.5)

For the temperature dependence, we must consider that a fraction of the injected
current is converted to Cooper pairs by Andreev reflection, and therefore does
not contribute to charge imbalance. We use the fraction of quasiparticle injection
F*(T) as given by the BTK model in the limit of small injector bias [29]. For high
transparency contacts, F'* approaches unity near the critical temperature, and drops
rapidly to zero as temperature is lowered due to the opening of the superconducting
gap. It is practically zero below T./2, as observed in the experiment. Further,
the relaxation time 7y« is strongly temperature dependent, and diverges near the
critical temperature 7. However, using an analytical approximation for 7o+ for low-
bias injection close to 7¢. [30] did not improve fitting the temperature dependence
of our signals significantly over simply setting Z(T) = F*(T). Therefore, this
approximation was employed for the fit shown as solid line in Fig. 4.5a.

The dependence of the signal amplitude A on contact distance is shown in
Fig.4.5b. From the fit of the data to (4.5), we obtain Ap+ = 3.2 pm, and with
the known sample parameters, we can calculate pyAg+ /224 = 1.2 Q, which is
compatible with the extrapolation A(d = 0) ~ 1.6 Q obtained from the fit. Our
value of A+, which is effectively an average over the temperature range 0.57, <
T < T, yields a relaxation time Tp* = A2./D = 740 ps. This is considerably
shorter than typical values of 7g+ ~ 5 — 10 ns found for aluminum in the literature
[28,31,32]. A few recent experiments [8] (A. Kleine, A. Baumgartner, J. Trbovic,
D.S. Golubev, A.D. Zaikin, C. Schénenberger, unpublished) have reported similar
discrepancies, and also a non-exponential decay as a function of contact distance [8].
Since our contact distances were all much smaller than A g+, we cannot say whether
the decay is actually exponential, as assumed by (4.5). A possible explanation for
the small 7o« at least in our experiment is relaxation via the contacts. A tunnel
contact leads to charge relaxation at a rate t[;nl =1/ 2Ny2e*Ry [33], where
§£2 = 2Ao+/a is the effective non-equilibrium volume. Assuming a similar
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Fig. 4.6 (a) Non-local resistance dVg/dls of a contact pair of sample T2 as a function of
temperature 7" in both parallel (blue) and antiparallel (red) magnetization states. (b) Non-local
resistance difference ARg between parallel and antiparallel magnetization state for different
contact pairs of two samples (T2 and S5) in the superconducting state at lowest temperature as
a function of contact distance d. The solid lines are fits to (4.6), the dashed lines are fits to an
exponential decay

relaxation rate for our metallic contacts with Ry & 5 © (see below), we estimate
Twn ~ 3 ns. Since all six contacts are within the non-equilibrium volume, this leads
to a total relaxation time 7y, /6 ~ 500 ps, close to the estimated Tp«. We therefore
conclude that relaxation in our samples is dominated by the contacts rather than
intrinsic mechanisms, which might also explain the findings of [8].

4.2.4 Coherent Subgap Transport

Figure 4.6a shows the non-local resistance of a contact pair of sample T2 as a
function of temperature for parallel and antiparallel magnetization alignment. The
resistance difference A Ry already seen in Fig. 4.4a is clearly visible for T > T..
The charge-imbalance signal near T > T is nearly independent of magnetization
alignment. At temperatures below 0.5 K, where charge imbalance does not play a
role any more, a non-local resistance difference ARg is observed, which has the
same sign as A Ry and is only slightly smaller.

Figure 4.6b shows the resistance difference ARg averaged over temperatures
below 250 mK as a function of contact distance d for the two samples T2 and S5.
The signal is slightly smaller than the normal-state spin-valve signal at the smallest
distance, and falls off rapidly as d increases. As discussed above, the probability
of non-local processes depends on the diffusion of virtual quasiparticles over the
length scale of £s. In our case, the dimensionality of the sample is not well defined,
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since &5 ~ 150 — 200 nm is of the same order as the width (200 nm) and thickness
(80 nm) of the aluminum wire. Therefore, we have attempted two different fit
functions. First, the prediction for CAR and EC for point contacts attached to a
three-dimensional superconductor, which in lowest order in the tunnel coupling is

given by [34]
ARS ~ PGZ—,ON—e ( /SS) (46)

and, second, a simple exponential decay. Fits of these functions to the data are shown
as solid lines and dashed lines in Fig. 4.6b. Parameters are given in Table 4.1. Both
fits lie within the scatter of the data. The polarisation Pz ~ 50% obtained from
(4.6) is compatible with the expectation for an iron-aluminum contact [35], whereas
&s is a little larger than the value calculated from the residual resistivity using & =
VhD/A. & as obtained from the simple exponential fit agrees very well with the
calculated value. We conclude that &g is the relevant length scale for the decay of
the signal in the superconducting state, as opposed to the spin-diffusion length for
the normal state signal. It can also be noted that the dependence of the decay length
on the mean free path is much weaker than for the normal-state signal, which is
expected since & o¢ 4/Ij, while Ay oc L.

Before we continue the discussion of the non-local signals, we characterize
the (local) contact resistance, and the differential resistances. The temperature
dependence of the resistance of a single contact (the left-most contact of sample
T2, see Fig.4.3) is shown in Fig.4.7a. The resistance is measured in a four-probe
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Fig. 4.7 (a) Differential local resistance dV/dIs (symbols) of one contact of sample T2 as a
function of temperature 7". The solid lines is a fit to (4.7), the dash-dotted line is the contribution
Ry + Rprk(T), excluding the charge-imbalance signal (see text). (b) Left-hand scale: differential
local resistance dV,/dI, (symbols) of the same contact. The dash-dotted line is the same model
as in (a). Right-hand scale: differential non-local resistance dVg/dIs for parallel (solid line)
and antiparallel (dashed line) magnetization alignment. Data are taken at 7 = 15 mK and zero
magnetic field as a function of injector bias current /x
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configuration, with two probes (I- and V-) attached to the aluminum strip, and the
other two (I+ and V+) attached to the splitting of the ferromagnetic lead. Thus, the
series resistance of the ferromagnetic strip leading up to the contact (Rp), and the
contact itself, is measured. We model the data by

R(T) = Ro + Rtk (T) + Rei(T), (4.7)

where Rpri(7T) is the point-contact resistance according to a spin-polarized BTK
model [36], and R;(T) is the charge-imbalance contribution described above. The
fit to (4.7) is shown as a solid line in Fig. 4.7a. Parameters for the BTK model are
Rpe =62Q, P =0.45,Z =0.22and A = 177 peV for the normal state point-
contact resistance, the conductance spin polarization, the interface transparency, and
the gap, respectively. Since most of the BTK contribution is obscured by the charge-
imbalance peak, A and Pg had to be assumed rather than fitted. A was calculated
from T, and Pg was taken from fits to similar samples, which did not show a large
charge-imbalance peak. The remaining parameters (R, Z and Ry = 63.7 ) were
fitted. From R, and the geometry, we obtain pp = 51 L2cm, and a mean free path
of about 1 nm for the iron film. Consequently, our contacts with a cross-section
area &/ ~ 50 x 20 nm? are in the Maxwell limit [37], and we can estimate the
Maxwell point contact resistance Ry ~ pr/ Va/ = 16 Q. Since only half of the
contact region is made of iron, and the other half of aluminum with a much lower
resistivity, the actual value should be half of the estimate, in good agreement with
the fitted value R, = 6.2 Q.

Figure 4.7b is a combined plot of the local and non-local differential resistance
spectra for contacts A and B of sample T2. For the local spectrum (symbols),
the data are described by the same spin-polarized BTK model as the temperature
dependence. The theoretical differential conductance spectra are calculated as a
function of injector voltage. The data, however, were measured as a function of
injector current, which means that the fits have to be rescaled with the sample
resistance. Since the resistance variation is only a few percent, we have used the
normal state resistance as a constant scaling factor. In the low-bias region |I5]| <
2 WA, the local spectrum follows the theoretical BTK prediction, showing the
typical energy dependence of Andreev reflection for metallic contacts. In this energy
range, the non-local spectra do not depend on energy, and clearly show the resistance
difference ARg already observed in the temperature dependence in Fig.4.6a. At
higher bias, both the local and non-local resistances increase concomitantly. This
can be interpreted as the onset of charge imbalance caused by quasi-particles
injected at energies beyond the gap. The onset of charge-imbalance injection appears
at a markedly lower bias than predicted by the BTK model, i.e. the minima of
the dash-dotted line. This may be attributed to self-heating in the highly resistive
ferromagnetic strip due to the large injector current.
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4.2.5 F/S Tunnel Contacts

The non-local resistance signals observed in point contacts were too small to reliably
determine the sign of the resistances. Only resistance differences could be resolved.
Also, for high-transparency contacts, EC is predicted to dominate over CAR. We
have therefore investigated F/S/F structures with tunnel contacts, where CAR and
EC should have equal probability without spin selection. The study of coherent non-
local transport in structures with tunnel contacts may seem surprising, since non-
local transport is always at least of second order in transmission probability, and
thereby strongly suppressed in the tunnel limit. However, since the product of the
conductance of injector and detector contact appears in the denominator of (4.2), the
non-local resistance can actually become quite large in low-transparency contacts,
despite the small non-local conductance. A large detector voltage is generated if the
non-locally transmitted electrons (or holes) have a low probability to return into the
superconductor via local Andreev reflection.

For positive injector bias, crossed Andreev reflection leads to a negative voltage
at the detector contact. This has the surprising consequence that the voltage of
the detector contact may lie outside the voltage window that is spanned by the
(grounded) superconductor and the injector bias [38]. This situation is different from
the negative voltage, which may occur in a non-local spin-valve structure, where
the voltage probes are attached outside the current path. In this case, the chemical
potentials at both voltage probes lie inside the source-drain voltage window, but
their difference may be either positive or negative.

Figure 4.8 shows the scheme of an experiment designed to measure the negative
four-probe voltage due to crossed Andreev reflection [6]. Voltage in this scheme is
detected inside the current path, rather than outside as shown in Fig. 4.2b. For the
interpretation of the experiment, it is crucial that the voltage of the detector contact
B is measured relative to the equilibrium chemical potential of the superconductor.
Since current injection into contact A might generate charge imbalance, the drain
voltage probe (V) is attached to the superconductor at a distance of 10 — 20 um
from the injector contact A. This distance exceeds by far both Ao+ and Ay,
and therefore the voltage measured there is a good reference for the equilibrium
chemical potential of the superconductor. The detector voltage Vg is measured
relative to the drain probe.

The samples for these experiments were made of an aluminum wire of 25 nm
thickness, which was exposed to an atmosphere of 60 Pa of pure oxygen for 1 min
to form tunnel barriers. Subsequently, ferromagnetic wires of 15 nm thick iron were
evaporated to form overlap tunnel junctions. The experiments were performed using
a battery-powered DC current source and a nanovoltmeter.

Figure 4.9a shows the non-local resistance Rap = Vg/[ at fixed injector bias
current /4, = 11 nA as a function of temperature. Above the critical temperature, the
signal is always positive. In the normal state, the voltage drop mainly comes from
the resistance of the aluminum wire between contact B and the drain voltage probe,
with a small spin-accumulation signal superimposed. At 7. ~ 1.3 K, the signal
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Fig. 4.8 Experimental scheme for measuring the negative four-probe voltage due to crossed
Andreev reflection
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Fig. 4.9 (a) Non-local resistance Rap at fixed injector bias current /o, = 11 nA as a function
of temperature for both parallel (diamonds) and antiparallel (circles) magnetization alignment at
B = 0. (b) Non-local resistance Rap at fixed injector bias current /4, = 15 nA as a function of
magnetic field at 7 = 50 mK. Arrows indicate sweep directions

decreases abruptly mainly because the aluminum wire becomes superconducting,
and the Ohmic voltage drop is eliminated. At low temperature, the detector
voltage becomes negative. There is a positive difference A Rg between parallel and
antiparallel alignment, as in the case of high-transparency contacts. Figure 4.9b
shows the non-local resistance at lowest temperature as a function of magnetic field
B applied along the ferromagnetic wires for two sweeps in different directions.
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As in the normal state, two well-defined jumps associated with the magnetization
reversals of the two ferromagnetic electrodes are observed at |B| < 0.1 T. Above
|B| ~ 0.1 T, both electrodes are magnetized parallel, and the traces coincide. The
signal becomes positive around 0.3 T, and a jump at B = 0.63 T indicates the
critical field B.. The critical field is largely enhanced over the bulk value due to the
thin-film geometry.

As expected, in the normal state the resistance is always positive for our
four-probe geometry with voltage detection inside the current path. In the super-
conducting state, however, the voltage becomes negative, which is an unambigous
sign of crossed Andreev reflection. The negative signal is larger in magnitude in
the anti-parallel alignment, as demonstrated both in the temperature and in the
magnetic-field dependent measurements, and expected for singlet Cooper pairs. We
can therefore conclude that subgap transport at low temperature and magnetic field
is dominated by crossed Andreev reflection rather than elastic cotunneling. While
this is expected for antiparallel magnetization, it is surprising that the signal remains
negative even for parallel alignment. In the tunneling limit, the “bare” probabilities
for CAR and EC are expected to be equal, and spin selection should lead to a positive
(parallel) and negative (antiparallel) signal of equal magnitude. We will discuss the
possible origin of this discrepancy below.

Figure 4.10a shows the non-local voltage V3 as a function of injector bias current
15 at low temperature for the antiparallel magnetization alignment. In the low-bias
region /4 < 30 nA, a steep negative slope is observed, corresponding to the negative
signal seen in Fig.4.9. With increasing bias, the slope becomes positive. The steep
positive slope occurs at a bias which corresponds to the superconducting energy
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Fig. 4.10 (a) Non-local voltage V3 as a function of injector bias current /5 at 7 = 23 mK in the
antiparallel magnetization alignment. The arrow indicates the bias current that corresponds to the
superconducting gap. (b) Local differential conductances gaa and gpp (left scale), and non-local

differential conductance —gap (right scale) as a function of injector voltage. gaa is multiplied by
2 for clarity. The line is a fit as described in the text
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gap. The change from negative to positive slope near the gap can be interpreted as a
crossover from supgap transport dominated by crossed Andreev reflection to charge
imbalance above the gap.

In Fig.4.10b, a combined view of local and non-local differential conductance
spectra is shown. The local conductances gaa and ggp are the numerical derivatives
of the raw data. The local conductance of the detector contact B shows coherence
peaks at the gap, and a reduced subgap conductance, in qualitative agreement
with the expectation for tunnel contacts. The subgap conductance is, however,
much larger than expected, and shows a downward curvature towards the gap.
The spectrum of the injector contact is almost Ohmic. The enhanced subgap
conductance cannot be due to thermal smearing or pair-breaking, since both would
only broaden the coherence peaks, leading to an upward curvature below the gap.
An enhanced subgap conductance due to reflectionless tunneling [39] would explain
the downward curvature, but is not expected in ferromagnetic junctions due to the
lack of time-reversal symmetry. A possible explanation are pin-holes in conjunction
with finite spin-mixing angles, which would lead to the formation of Andreev bound
states at subgap energies. The solid line in Fig. 4.10b is a fit of ggp to a model with
two contributions from a large-area tunnel contact and high-transparency pin holes,
the latter including a finite spin-mixing angle [40]. The model is purely ballistic,
while our junctions are diffusive, but similar spectra were predicted for diffusive
systems [41]. Also, the number of parameters is too large for a quantitative analysis,
and we can only conclude that our model gives a qualitative explanation of the
observed spectra.

The the non-local conductance spectrum in Fig.4.10b is calculated from the
non-local voltage shown in Fig. 4.10a using (4.2). As discussed, the non-local con-
ductance has the opposite sign of non-local resistance. To facilitate the comparison
of conductance and resistance data, we plot —gap. With this convention, CAR
corresponds to a negative and EC to a positive sign for both non-local conductance
and resistance. The non-local conductance observed in the sample is about a factor
100 smaller than the local conductances. This is consistent with estimates from a
model of two-dimensional diffusive propagation in the superconductor [34,42] for
our sample parameters. The negative signal at low bias corresponds to a dominant
contribution of CAR. Near the gap, positive peaks are observed, which may be
attributed to charge imbalance.

4.3 Discussion

From the data obtained in hybrid structures with both highlytransparent point
contacts and tunnel junctions, the following conclusions can be drawn: At low bias
and temperature, non-local transport is governed by coherent subgap processes, i.e.,
crossed Andreev reflection and elastic cotunneling. At higher bias or temperature,
charge imbalance dominates the signal. We have established a hierarchy of length
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scales, £5 < An <« Ao+, which serves as an additional criterion to distinguish
CARJ/EC, spin accumulation, and charge imbalance. Spin-selection by ferromag-
netic electrodes works as expected, favoring CAR for antiparallel alignment and
EC for parallel alignment, respectively. For point contacts, the magnitude of the
non-local signals agrees well with theory. EC dominates over CAR, as predicted
theoretically [43, 44], and also observed in hybrid structures with normal-metal
contacts [8]. For tunnel junctions, the situation appears to be more complicated.
Dominating CAR has been observed not only for antiparallel but also for parallel
magnetization alignment, which is not expected theoretically. Similar results have
been obtained with normal-metal contacts [13], and a complex bias-dependent
competition between CAR and EC may occur [7, 16]. Different attempts have been
made to explain these results, including a non-local version of dynamical Coulomb
blockade [45] and interference [44, 46]. In addition, for ferromagnetic contacts
Andreev bound states induced by spin mixing may have an impact on non-local
transport [47,48]. At present, neither theory yields a comprehensive explanation of
all experimental results on tunnel junctions, and further work is needed to clarify
these issues.
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Chapter 5
Odd-Frequency Pairing in Superconducting
Heterostructures

A.A. Golubov, Y. Tanaka, Y. Asano, and Y. Tanuma

Abstract We review the theory of odd-frequency pairing in superconducting het-
erostructures, where an odd-frequency pairing componentis induced near interfaces.
General description of superconducting proximity effect in a normal metal or
a ferromagnet attached to an unconventional superconductor (S) is given within
quasiclassical kinetic theory for various types of symmetry state in S. Various
possible symmetry classes in a superconductor are considered, which are consistent
with the Pauli principle: even-frequency spin-singlet even-parity (ESE) state, even-
frequency spin-triplet odd-parity (ETO) state, odd-frequency spin-triplet even-parity
(OTE) state and odd-frequency spin-singlet odd-parity (OSO) state. As an example,
we consider junction between a diffusive normal metal (DN) and a p-wave super-
conductor (even-frequency spin-triplet odd-parity symmetry), where the pairing
amplitude in DN belongs to an odd-frequency spin-triplet even-parity symmetry
class. We also discuss the manifestation of odd-frequency pairing in conventional
superconductor/normal (S/N) proximity systems and its relation to the classical
McMillan-Rowell oscillations.
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5.1 Introduction

It is well established that superconductivity is realized due to the formation of
Cooper pairs consisting of two electrons. In accordance with the Pauli principle, it is
customary to distinguish spin-singlet even-parity and spin-triplet odd-parity pairing
states in superconductors, where odd (even) refer to the orbital part of the pair wave
function. For example, s -wave and d -wave pairing states belong to the former case,
while p-wave state belongs to the latter one [1]. In both cases, the pair amplitude is
an even function of energy. However, the so-called odd-frequency pairing states
when the pair amplitude is an odd function of energy can also exist. Then, the
spin-singlet odd-parity and the spin-triplet even-parity pairing states are possible.

The possibility of realizing the odd-frequency pairing state was first proposed
by Berezinskii in the context of *He, where the odd-frequency spin-triplet pairing
was discussed [2]. The odd-frequency superconductivity was then discussed in the
context of various mechanisms of superconductivity involving strong correlations
[3-6]. The odd-frequency pairing state was recently proposed in ferromagnet/
superconductor heterostructures with inhomogeneous magnetization or spin-mixing
due to spin-dependent interface potential [7—16]. Manifestations of triplet pairs were
recently observed experimentally as a long-range Josephson coupling across ferro-
magnets [17-20]. At the same time, the very important issue of the manifestation of
the odd-frequency pairing in proximity systems without magnetic ordering received
no attention yet. This question is addressed in this paper.

Note that the proximity effect involving spin-singlet even-frequency pairing
state is realized in ferromagnet/superconductor heterostructures with homogeneous
magnetization. Such effects are well understood in terms of oscillatory behavior of
the order parameter [21,22] (Fulde-Ferrel-Larkin-Ovchinnikov state). This behavior
manifests itself in oscillatory coupling in SFS Josephson junctions with transitions
from O- to r-state observed experimentally by Ryazanov et al. [23]. The physics of
m-junctions is discussed in Chap. 9 of this book.

Coherent charge transport in structures involving diffusive normal metals (DN)
and superconductors (S) was extensively studied during the past decade both
experimentally and theoretically. However, almost all previous work was restricted
to junctions based on conventional s-wave superconductors [24, 25]. Recently,
new theoretical approach to study charge transport in junctions based on p-wave
and d-wave superconductors was developed and applied to the even-frequency
pairing state [26-31]. It is known that in the anisotropic paring state, due to
the sign change of the pair potential on the Fermi surface, a so-called midgap
Andreev resonant state (MARS) is formed at the interface [32-38]. As was found
in [26-31], MARS competes with the proximity effect in contacts with spin-singlet
superconductors, while it coexists with the proximity effect in junctions with spin-
triplet superconductors. In the latter case, it was predicted that the induced pair
amplitude in the DN has a peculiar energy dependence and the resulting local
density of states (LDOS) has a zero energy peak (ZEP) [28-31]. Here we review a
general theory of the proximity effect in the N/S junctions, both in the clean and in
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the dirty limit [39—42], applicable to any type of symmetry state in a superconductor
forming the junction in the absence of spin-dependent electronic scattering at the
N/S interface.

5.2 Junctions in the Dirty Limit

Let us first discuss the case of a diffusive normal metal attached to a supercon-
ductor (DN/S junction). Before proceeding with formal discussion, let us present
qualitative arguments illustrating the main conclusions of the paper. Two constrains
should be satisfied in the considered system: (1) only the s-wave even-parity state is
possible in the DN due to isotropization by impurity scattering, (2) the spin structure
of induced Cooper pairs in the DN is the same as in an attached superconductor.
Then the Pauli principle provides the unique relations between the pairing symmetry
in a superconductor and the resulting symmetry of the induced pairing state in the
DN. Namely, for even-parity superconductors, even-frequency spin-singlet even-
parity (ESE) and odd-frequency spin-triplet even-parity (OTE) states, the pairing
symmetry in the DN should remain ESE and OTE. On the contrary, for odd-parity
superconductors, even-frequency spin-triplet odd-parity (ETO) and odd-frequency
spin-singlet odd-parity (OSO) states, the pairing symmetry in the DN should be
OTE and ESE, respectively. The generation of the OTE state in the DN attached
to the ETO p-wave superconductor is of particular interest. Similar OTE state can
be generated in superconducting junctions with diffusive ferromagnets [7-12, 17]
but due to different physical mechanism. Although the symmetry properties can
be derived from the basic arguments given above, the quantitative model has to be
considered to prove the existence of nontrivial solutions for the pairing amplitude in
the DN in each of the above cases. These solutions and their main features will be
discussed below.

Let us start with the general symmetry properties of the quasiclassical Green’s
functions in the considered system. The elements of retarded and advanced Nambu

matrices g7
RA fRA
~R.A g f ’
Rl I (5.1)
(f gt )

are composed of the normal g(f ) (r,&,p) and anomalous ffﬁ (r,&,p) components
with spin indices « and 8. Here,p = pr/ | pr |, pF is the Fermi momentum, r and
¢ denote coordinate and energy of a quasiparticle measured from the Fermi level.
The function f* and the conjugated function f® satisfy the following relation
[43,44] B
Jap(re.p) = (£ —e.—p)]". (5.2)

The Pauli principle is formulated in terms of the retarded and the advanced
Green’s functions in the following way [43]
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Jile(r.e.p) = —f,(r.—&. —p). (5.3)

By combining the two above equations, we obtain f;slfa (r,e,p) =] fa‘f‘ﬁ (r,e,p)]*.
Further, the definitions of the even-frequency and the odd-frequency pairing

are a‘f‘ﬁ(r, e,p)= ffﬂ (r,—e,p) and faf’ﬂ (r,e,p)= — ffﬁ(r, —e&,p), respectively.
Finally, we get

fE@ep) =[£G —e.p)* (5.4)

for the even-frequency pairing and

[ re.p) = =15 —e.p)])* (5.5)

for the odd-frequency pairing. In the following, we focus on Cooper pairs with S, =
0, remove the external phase of the pair potential in the superconductor and will
concentrate on the retarded part of the Green’s function.

We consider a junction consisting of a normal (N) and a superconducting
reservoirs connected by a quasi-one-dimensional diffusive conductor (DN) with
a length L much larger than the mean free path. The Green’s function in the
superconductor can be parameterized as g4 ()73 + f1 ()T, using Pauli matrices,
where the suffix 4+(—) denotes the right (left) going quasiparticles. g+ (¢) and fi (¢)
are given by g1.(e) = g5, (r.e.p) g-(e) = g5 (r.e.p) f1() = £, (r..p). and
f=(e) = R (r. e.p). respectively, withp =/ | pr | andp = (~prx. pry). Using
the relations (5.4), (5.5), we obtain that fi(e) =[fx(e)]* for the even-frequency
pairing and f4 (¢) = —[ fi(—¢)]* for the odd-frequency pairing, respectively, while
g+(e) =[g+(—&)]* in both cases.

In the DN region only, the s-wave even-parity pairing state is allowed due to
isotropization by impurity scattering. The resulting pair amplitude in the DN can be
parameterized by cos 673 + sin 67, in a junction with an even-parity superconductor
and by cosf07; + sinf7; in a junction with an odd-parity superconductor. The
function 6 satisfies the Usadel equation [45] with the corresponding boundary
condition at the DN/S interface and at the N/DN interface [26, 27].

In the following, we will consider four possible symmetry classes of supercon-
ductor forming the junction and consistent with the Pauli principle: ESE, ETO, OTE,
and OSO pairing states. We will use the fact that only the even-parity s-wave pairing
is possible in the DN due to the impurity scattering and that the spin structure of pair
amplitude in the DN is the same as in an attached superconductor.

1. Junction with ESE superconductor
In this case, fi(e) = f](—¢) and g+ (e) = g} (—¢) are satisfied. Then, the
Usadel equations and the boundary conditions are consistent with each other
only when sin 6*(—¢) = sin(¢g) and cos 0*(—¢) = cosO(g). Thus, the ESE
state is formed in the DN, in accordance with the Pauli principle.
2. Junction with ETO superconductor
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Now we have fi(e) = f(—e) and g+(e) = g} (—¢). Then fs(—e) =
—f§(e) = —f§ and gs(—¢) = gi(e) = g§. As a result, the boundary value
problem is consistent if sin 0*(—¢) = —sin6(e) and cos 8*(—¢e) = cosb(g).
Thus, the OTE state is formed in the DN. Remarkably, the appearance of
the OTE state is the only possibility to satisfy the Pauli principle, as we
argued above. Interestingly, the OTE pairing state can also be realized in
superconductor/ferromagnet junctions [7—12, 17], but the physical mechanism
differs from the one considered here.

3. Junction with OTE superconductor

In this case, fi(e) = —f[(—¢) and g+(e) = g} (—¢). Then fs(—¢) =
—f¢'(e) and gs(—e) = g§(e) and we obtain sin§*(—e) = —sinf(e) and
cos0*(—e) = cosB(e). Due to the absence of the spin flip scattering, these
relations mean that the OTE pairing state is induced in the DN.

4. Junction with OSO superconductor

We have fi(e) = —/5(~¢). g2(e) = g1(~¢) and fs(—e) = f5(e),
gs(—¢) = g% (e). One can show that sin 8*(—¢) = sin 6(e) and cos 0% (—¢) =
cos 0(¢e). Following the same lines as in case (1), we conclude that the ESE
pairing state is induced in the DN.

The central conclusions are summarized in the table below.

Symmetry of the pairing in Symmetry of the pairing in
superconductors the DN
) Even-frequency spin-singlet even-parity ESE
(ESE)
) Even-frequency spin-triplet odd-parity OTE
(ETO)
3) Odd-frequency spin-triplet even-parity OTE
(OTE)
4) Odd-frequency spin-singlet odd-parity ESE
(0SO)

Note that for even-parity superconductors the resulting symmetry of the induced
pairing state in the DN is the same as that of a superconductor (the cases (1), (3)).
On the contrary, for odd-parity superconductors, the induced pairing state in the DN
has symmetry different from that of a superconductor (the cases (2), (4)).

To illustrate the main features of the proximity effect in all the above cases, we
calculate the LDOS p(¢) = Real|cos 6] in the middle of the DN layer.

We start from junctions with ESE superconductors and choose the s-wave pair
potential with ¥4 = 1. The LDOS has a gap (Fig.5.1a) and the Real(Imaginary)
part of f(e) is an even(odd) function of ¢ consistent with the formation of the even-
frequency pairing.

In junctions with ETO superconductors, we choose p,-wave pair potential with
VU, = —¥_ = cos¢ as a typical example. In this case, an unusual proximity
effect is induced where the resulting LDOS has a zero energy peak (ZEP) [28-31]
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a b c
s-wave py-Wave dy,-wave
DN O DN OO DN %
5 ' ' p(e)
P p(e)
1 1
1
0 " 0 . 0 :
-0.3 0 0.3 -0.3 0 0.3 -0.3 0 0.3
e/Ao e/Ao &/

Fig. 5.1 Local density of states in the diffusive normal metal DN in a contact with s-wave
superconductor (a), p,-wave superconductor (b) and dy,-wave superconductor (c)

as illustrated in Fig.5.1b. The resulting LDOS has a ZEP [28-31] since f(¢ = 0)
becomes a purely imaginary number. This is consistent with f(¢) = — f*(—¢) and
the formation of the OTE pairing in the DN.

It is instructive to compare the ETO state with p,-wave pair potential and the
ESE state with d,-wave pairing. In the latter case, as seen from Fig. 5.1c, there is
no subgap structure at all in the LDOS in DN. This feature can be used to distinguish
Px-wave state from d,y-wave one in tunneling experiments.

In summary, we considered four symmetry classes in a superconductor allowed
by Pauli principle: (1) even-frequency spin-singlet even-parity (ESE), (2) even-
frequency spin-triplet odd-parity (ETO), (3) odd-frequency spin-triplet even-parity
(OTE) and (4) odd-frequency spin-singlet odd-parity (OSO). We have found that
the resulting symmetry of the induced pairing state in the DN is (1) ESE (2) OTE
(3) OTE and (4) ESE corresponding to the above four classes. When the even (odd)
frequency pairing is induced in the DN, the resulting LDOS has a gap (peak) at zero
energy.

5.3 Junctions in the Clean Limit

In this Section, we present the results of the theoretical study of the induced odd-
frequency pairing state in ballistic normal metal/superconductor (N/S) junctions
where a superconductor has even-frequency symmetry in the bulk and a normal
metal layer has an arbitrary length.

We show that if a superconductor has even-parity pair potential (spin-singlet
s-wave state), the odd-frequency pairing component with odd-parity is induced near
the N/S interface, while in the case of odd-parity pair potential (spin-triplet p.-
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wave or spin-singlet dyy-wave) the odd-frequency component with even-parity is
generated. In conventional s-wave junctions, the amplitude of the odd-frequency
pairing state is strongest in the case of fully transparent N/S interface and is
enhanced at energies corresponding to the peaks in the local density of states
(LDOS). In p,- and dyy-wave junctions, the amplitude of the odd-frequency
component on the S side of the N/S interface is enhanced at zero energy, where the
midgap Andreev resonant state (MARS) appears due to the sign change of the pair
potential. The odd-frequency component extends into the N region and exceeds the
even-frequency component at energies corresponding to the LDOS peak positions,
including the MARS. At the edge of the N region, the odd-frequency component is
non-zero while the even-frequency one vanishes.

In the following, we consider a N/S junction as the simplest example of
non-uniform superconducting system without impurity scattering. Both cases of
spin-triplet odd-parity and spin-singlet even-parity symmetries are considered in
the superconductor. We assume a thin insulating barrier located at the N/S interface
(x =0)with N (—L < x < 0) and S (x > 0). The length of the normal region is L.

The quasiclassical Green’s functions in a normal metal (N) and a superconductor
(S) in the Matsubara frequency representation are parameterized as

é’(i) _ s~ (i)

D= 9% 4+ 0%+ 0%, @) =1, (5.6)

where the subscript i (= N, S) refer to N and S, respectively. Here, 7; (j = 1,2, 3)
are Pauli matrices and 1 is a unit matrix. The subscript 4+(—) denotes the left (right)

going quasiparticles [43]. Functions gi) satisfy the Eilenberger equation [46]

g = F[Ax, 8V (5.7)

with

Hi =i, 4+ iA+(x)1. (5.8)
Here, vgy is the x component of the Fermi velocity, w, = 2nT(n + 1/2) is the
Matsubara frequency, 7 is an integer number and 7 is temperature. A (x) (A_(x))
is the effective pair potential for left (right) going quasiparticles. In the N region,
A (x) is set to zero due to the absence of a pairing interaction in the N metal. The
above Green’s functions can be expressed as

W =+i(F + )/ -DYFY), (5.9)
W= —(FY - DDy - DY ED), (5.10)
gl =0+DYF)/(1-DYFD).

Functions D(ii) (x) and Fj(ti)(x) satisfy the Ricatti equations [47-49] in the N and
S regions, supplemented by the proper boundary conditions [39—-42].
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Here, we consider the situation without mixing of different symmetry channels
for the pair potential. Then the pair potential A4 (x) is expressed by

As(x) = AX)P+(0)O(x) (5.11)
with the form factor @4 (0) given by @4 (6) = 1, £ sin 26, and + cos 6 for s-wave,

dyy-wave, and p.-wave superconductors, respectively. The pair potential A(x) is
determined by the self-consistent equation

2T /2
A(x) = Z / d0G(0) for (5.12)
logT + Z n>07 /2

n>1

with G(0) = 1 for s-wave case and G(0) = 2®(0) for other cases, respectively
[50]. T¢ is the transition temperature of the superconductor. The condition in the
bulk is A(0c0) = Ay. Since the pair potential A(x) is a real quantity, the resulting
fi1+ is an imaginary quantity and f>.4 is a real one.

Before performing actual numerical calculations, we now discuss general proper-

ties of the pair amplitude. In the following, we explicitly write f1 y = 1(2 (wy, 0),
£ = 2w, 0), F) = FP(w,,0) and DY = DY (w,,H). For the limit
X = 00, wWe obtain

Ag®+(0)
Jwr + 2202 (61)

Note that fl(i) (wn, 0) becomes finite due to the spatial variation of the pair potential
and it does not exist in the bulk. One can show that Di)(—wn, 0) =1/ D(i’) (wy, 0)
and Fj(:’) (—w,,0)=1/ Fj(:’) (wy, 0). After simple manipulation, we obtain

i (@0.0) =0, f33 (@0.0) = (5.13)

D@0, 0) = =2 (~0,,0),  £L(@n,0) = £ (~wn, 0), (5.14)

for any x. It is remarkable that functions f1 (a),,, 0) and f (a),,, 0) correspond to
odd-frequency and even-frequency components of the pair amplitude, respectively.
Function fl(i) (wy, 8) describes the odd-frequency component of the pair amplitude
penetrating from the superconductor.
Next, we discuss the parity of these pair amplitudes. The even-parity (odd-parity)
pair amplitude should satisfy the following relation f @ (wn, 0) = fj( (wy,, —0)
f](’)(wn, 0) = fj(’;) (wy,—0)], with j = 1,2. For an even-parity (odd-parity)
superconductor, @1 (—0) = @x(0) [P+ (—0) = —Px(0)]. Then we can show that
for the even-parity case
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DY (—0) = DY(0). FP(-0) = FL(0) (5.15)

and for the odd-parity case
DY (-0)=-pY®), F(-6)=-FY@®), (5.16)

respectively. ' 4
The resulting fl(:ll:) (wy, 0) and fz(ﬂlt) (w,, 0) satisfy

(@, 0) = —£,2(wn, —0),

(5.17)
2 @0.60) = /12 (@0, —6),
for an even-parity superconductor and
(1)( wn, 0) = fl(l)(wna )’ 518

D (@n, 0) = — f12 (w0, —6),

for an odd-parity superconductor, respectively. Note that the parity of the odd-
frequency component fl(')(a),,, 0) is always different from that in the bulk super-
conductor. '

As shown above, the odd-frequency component f, 1(311:) (wy, 0) is a purely imaginary
quantity. The underlying physics behind this formal property is follows. Due to the
breakdown of translational invariance near the N/S interface, the pair potential A(x)
acquires a spatial dependence, which leads to the coupling between even-parity and
odd-parity states. Since the bulk pair potential has an even-frequency symmetry,
the Fermi-Dirac statistics requires that the order parameter component induced near
the interface should be odd in frequency. The phase of the induced pair amplitude
undergoes a 77/2 shift from that in the bulk S, thus removing internal phase shift
between the even- and odd-frequency components and making the interface-induced
state compatible with the time reversal invariance. As a result, function fl(j? (wy, 0)
becomes a purely imaginary quantity.

Let us now focus on the values of the pair amplitudes at the edge of N region
(at x = —L). We concentrate on two extreme cases with (I) @4 () = &_(0) and
(II) @4+ (0) = —D_(6). In the case (I), the MARS is absent since there is no sign
change of the pair potential felt by the quasiparticle at the interface. Then the relation
D:_N) = DY) holds. However, in the case (II), the MARS is generated near the
interface due to the sign change of the pair potential and the relation DSFN) =-DW
is satisfied [32-34]. At the edge x = —L, it is easy to show that Fﬂ(EN) = —D;N)
(V) D;EN) for the latter one. As a result, fl(iv) = 0 for

the case () and f, V) — 0 for the case (IT), respectively. Thus, we can conclude that

for the former case and F
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in the absence of the MARS only the even-frequency pairing component exists at
x = —L, while in the presence of the MARS only the odd-frequency one.
To understand the angular dependence of the pair amplitude in a more detail, we

define fl(i) and f;(i) for —m/2 < 6 < 37/2 with fl((’g) = ]‘1(([2))+(9) for —/2 <

0 < /2 and fl(g) = fl((%_(n —0) form/2 <0 < 3m/2. We decompose fl(g) into
various angular momentum component as follows,

AD =3 8@ sinme) + Y €1 cos(mb) (5.19)

with m = 2/ + 1 for odd-parity case and m = 2/ for even-parity case with integer
I > 0, where [ is the quantum number of the angular momentum. Here, C,fll(z))
and S,(nl(z)) are defined for all x. It is straightforward to show that the only nonzero
components are (1) CZ(IZ) and Cz(llj_l for even-parity superconductor without sign

change at the interface (i.e., s-wave or d,2_,2-wave), (2) Sz(zzzrz and Sz(,1 ir | for dyy-

wave, (3) Cz(lzi- , and Cz(ll) for p,-wave, and (4) SZ(IZEH and Sz(ll) for p,-wave junctions,
respectively. The allowed angular momenta for odd-frequency components are 2/ +
1,2] 4+ 1,21, and 2] + 2 corresponding to each of the above four cases.

To get better insight into the spectral property of the odd-frequency pair ampli-
tude, we perform an analytical continuation from the Matsubara frequency w, to the

quasiparticle energy ¢ measured from the chemical potential. The retarded Green’s

function corresponding to (5.1) is defined as gi) R = 1(2 Re+ fz‘j’f R+ gi) R3.
One can show that fl(j’E)R —g) = —[fl(j'E)R(e)]*, fz(j'E)R(—e) = [J"z(j’E)R(e)]*, and

gi) R(—e) = [gi) R(s)]*. The LDOS p(¢) at the N/S interface at x = 0 normalized
to its value in the normal state is given by

7/2 ()R (i))R
p(e) = / deReal(g+ ) +e (8)). (5.20)

—7/2 2

Let us discuss the case of s-wave superconductor junctions as shown in Fig. 5.2.
By changing the length L of the N region and the transparency at the interface,
we calculate the spatial dependence of the pair potential and the pair amplitudes
in the Matsubara frequency representation. We only concentrate on the lowest
angular momentum of the even-frequency pair amplitude Céz) . As regards the odd-

frequency pair amplitudes, we focus on the C ), C3(1) and CS(I) components which
all have odd-parity and depend on 6 as cos 6, cos 30 and cos 56, respectively, and
correspond to py-wave, fj-wave and /;-wave components shown in Fig.5.1. In
all cases, even-frequency component is constant in the S region far away from the
interface and the corresponding odd-frequency components are absent. The s-wave
pair potential is suppressed for the fully transparent case (Z = 0), while it is
almost constant for low transparent case (Z = 5). It does not penetrate into the
N region due to the absence of the attractive interaction in the N metal. On the
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a Z=0, L=L, b Z=5, L=Lo
T T T T T T
1r 1r =
//
© / — — — s-wave pair potential — — — s-wave pair potential
8 / even s-wave pair amplitude even s-wave pair amplitude
S 05¢f R 05 ]
i)
f‘ N s-wave superconductor N s-wave superconductor
g 0 ; ; ; 0y ; ; ;
- X
% 006; odd p,-wave pair amplitude odd p,-wave pair amplitude
& O
1) R . .
g 0 : : : 0 - - -
2 0 o1F ]
g— -0.05 odd f,-wave pair amplitude odd f,-wave pair amplitude
© -0.1 . . . . s n
5 o4 ; ; ; - : : : .
odd h,-wave pair amplitude odd h,-wave pair amplitude
0.05 " §
0 n T n 0
-1 0 2 4 -1 0 2 4
x/® x/®
Z=0, L=5L, d Z=5, L=5L,
1 b ——~ s-wave pair potential 1 | ——~ swave pair potential e —
» even s-wave pair amplitude s even s-wave pair amplitude
s /
=
S os5f i 1 osf 1
g
= N s-wave superconductor N s-wave superconductor
= 0 L L N 0 N
s . . . . . .
E odd p,-wave pair amplitude E A F E
T 0.4 P P . 0.1 odd p,-wave pair amplitude
o 02F E 0.05 E
g8 o
. L 0 . .
° T T T T T
2 0 0.1 ¢F 1
a -01 0.05 E odd f,-wave pair amplitude ]
% 0.2 odd f,-wave pair amplitude :
g - n n n 0 I I
T 02 T T T 01F T T T 3
a o1k odd h-wave pair amplitude 1 oos odd h-wave pair amplitude
0 . 0
-4 0 4 -4 0 4
x/® x/®

Fig. 5.2 Spatial dependence of the normalized pair potential, even-frequency pair amplitude and
odd-frequency components of the pair amplitude for s-wave superconductor junctions. Here, we
choose § = v /A in the S region (x > 0) and § = Ly = vp/2nT¢ in the N region. The pair
amplitudes Céz), Cl(l), 3(1), and CS(I) are denoted as even s-wave, odd p,-wave, odd fi-wave, and
odd hy-wave pair amplitudes. (a) Z = 0, L = Lo, (b) Z =5,L = Lo, (¢) Z =0, L = 5Ly,

and (d) Z = 5, L = 5L, respectively

contrary, in all considered cases the spatial variation of the even-frequency s-wave
pair amplitude is rather weak in the S region, while in the N region it is strong for
Z = 0 and is reduced for Z = 5 since the proximity effect is weaker in the latter
case. The odd-frequency component always vanishes at x = —L and does not have
a jump at the N/S interface even for nonzero Z. Its amplitude is strongly enhanced
near the N/S interface especially for fully transparent junctions. Note that not only
the p.-wave but also fi-wave and h;-wave have sufficiently large magnitudes as
shown in Fig. 5.2a, c. With the decrease in the transparency of the N/S interface, the
odd-frequency components are suppressed as shown in Fig. 5.2b, d.

It is instructive to discuss the spectral properties of the induced pairing state in
the N region. Here, we concentrate on the situation when the N/S/ interface is fully
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Fig. 5.3 Ratio of the pair s-wave
amplitudes £, (¢, 6)/ L5,

f;ﬁ)(s, 0) on the N-side of é
the N/S interface in s-wave E 4
junction as a function of a
energy ¢ for & = 0 and 5
L =5L 5
o
o2
G
R
&
0 " "
-1 0 1
e/ AO

transparent (Z = 0) and L = 5L,. In this case, the LDOS in the N region and at
the N/S interface coincide with each other. The LDOS has multiple peaks due to the
existence of the multi-sub gap structures due to electron-hole interference effects in
the N region [52,53].

The amplitudes of the corresponding even-frequency and odd-frequency compo-
nents are enhanced at energies € corresponding to the LDOS peak positions, while
the ratio of this components depends on energy and location in the N region. To
clarify this point much more clearly, we concentrate on the ratio of the odd- and
even-frequency components in the N region. The ratio of the magnitude of the

odd-frequency component fl(jrv) (&, 0) to the even-frequency one fz(f) (,0)is

7260
AV 6)|

tan (E(L + x)) ‘ . (5.21)

VEx

At the edge of the N region, x = —L, the odd-frequency component vanishes at all
energies. On the other hand, very interesting situation occurs at the N/S interface,
x = 0 as will be shown below. In Fig. 5.3, we plot this ratio for § = 0 and x = 0.

It is remarkable that at some energies the amplitude of the odd-frequency pair
amplitude exceeds that of the even-frequency one.

Let us clarify the relation between the positions of the bound states and the above
ratio of the odd-to-even pair amplitude. In the limit L >> L, the bound states are
determined by simple relation [52, 53]

en:%(n—i—lﬂ), n=012,... (5.22)

That means that at the subgap peak energies the odd-frequency component
dominates over the even-frequency one at the N/S interface. This is a remarkable

property of the odd-frequency pairing, which makes it relevant to the classical
McMillan-Rowell oscillations in the N/S geometry [52,53]. To summarize, we have
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shown that the odd-frequency component is present even in the standard case of a
ballistic N/S system, and it dominates at energies when the LDOS has subgap peaks.

5.4 Summary

Using the quasiclassical Green’s function formalism, we have shown that
the odd-frequency pairing state is ubiquitously generated in the normal
metal/superconductor (N/S) ballistic junction system, where the length of the
normal region is finite. It is shown that the even-parity (odd-parity) pair potential in
the superconductor induces the odd-frequency pairing component with spin-singlet
odd-parity (spin-triplet even-parity). Even for conventional s-wave junctions, the
amplitude of the odd-frequency pairing state is enhanced at the N/S interface with
fully transparent barrier. By analyzing the spectral properties of the pair amplitudes,
we found that the magnitude of the resulting odd-frequency component at the
interface can exceed that of the even-frequency one. For the case of p.-wave and
dyy-wave junctions, the magnitude of the odd-frequency component at the S side
of the N/S interface is significantly enhanced. The magnitude of the induced odd-
frequency component is enhanced in the presence of the midgap Andreev resonant
state due to the sign change of the anisotropic pair potential at the interface. The
LDOS has a zero energy peak (ZEP) both at the interface and in the N region. At
the edge of the N region, only the odd-frequency component is non-zero.

The underlying physics behind these phenomena is related to the breakdown
of translational invariance near the N/S interface, where the pair potential A(x)
acquires a spatial dependence. As a result, an odd-frequency component is quite
generally induced near the interface. The breakdown of translational invariance is
the strongest when the pair potential changes sign upon reflection like in the case of
px-wave and dyy-wave junctions, then the magnitude of odd-frequency component
is the largest. Moreover, the phase of the interface-induced odd-frequency compo-
nent has a /2 shift from that in the bulk of S. Therefore, as shown above, the
odd-frequency component fl(:ll:) (wy, 0) becomes purely imaginary quantity and the
peak structure in the LDOS naturally follows from the normalization condition.

We have also shown that in the N/S junctions with s-wave superconductors the
classical McMillan-Rowell oscillations [51-53] can also be reinterpreted in terms
of odd-frequency pairing. At the energies corresponding to the subgap peaks in the
N/S junction, the odd-frequency component dominates over the even-frequency one.
This is remarkable application of the odd-frequency pairing concept.
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Chapter 6

Ferromagnetic Josephson Junctions

with Critical Current Density Artificially
Modulated on a “Short” Scale

N.G. Pugach, M.Yu. Kupriyanov, E. Goldobin, D. Koelle, R. Kleiner,
A.S. Sidorenko, and C. Lacroix

Abstract We study the Josephson effect in junctions with a ferromagnetic (F)
barrier having its properties (interface transparency or the F-layer thickness)
artificially modulated on a scale less than the Josephson penetration length. Within
the framework of the quasiclassical Usadel equations, we describe SIFS and SIFNS
(S is a superconductor, I is an insulator, N is a normal metal) structures with a step-
like transparency of the FS or NS interface. The step-like change in parameters
may lead to oscillations (including sign change) of the critical current density
Jc () along the junction in the vicinity of the step, resulting in the formation of
a 0—m nano-junction near the step. Such structures exhibit an unusual behaviour
in an external magnetic field H. The properties of arrays of nano-junctions with
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several transparency steps are also investigated. We propose a method to realize a
¢ Josephson junction by combining alternating O and & parts made of “clean” SFS
sub junctions with different F-layer thickness and an intrinsically non-sinusoidal
current—phase relation (CPR). The latter can significantly enlarge the parameter
range of the ¢ ground state and make the practical realization of ¢ Josephson
junctions feasible. Such junctions may also have two different stable solutions, such
as0and r, 0 and ¢, or ¢ and .

6.1 Introduction

The interest in Josephson junction (JJ) devices with a ferromagnetic barrier has
been continuously increasing during the last years [1,2]. Such a junction consists
of two superconducting electrodes (S) separated by a ferromagnetic layer (F). It
may include also a thin insulating tunnel barrier (I) and/or a normal metal layer
(N), i.e. SFS, SIFS, or SIFNS multilayers may be considered. The critical current
density J. of an SFS junction exhibits damped oscillations as a function of the
F-layer thickness dr so that the Josephson phase ¢ can be 0 or 7 in the ground state
[1,2].  junctions can be used as (non-dischargeable) on-chip m-phase batteries for
self-biasing various electronic circuits in the classical and quantum domains, for
example self-biased RSFQ logic [3] or flux qubits [4, 5]. In addition, for quantum
circuits self-biasing also decouples the circuit from the environment and improves
decoherence figures, for example in the quiet qubit. [4, 6, 7] In classical circuits,
a phase battery may also substitute the conventional inductance and substantially
reduce the size of an elementary cell [8]. Some of these proposals were already
realized practically [3,9].

Modern technology allows to manufacture not only O or = JJs, but also so-called
0-m Josephson junctions (see Fig. 6.1), i.e. junctions some parts of which behave
as 0 junctions and other parts as & junctions [10]. In these structures, intensively
studied experimentally, the different sign of J¢ can be achieved by introducing a
step-like change of the thickness of the F layer [11-15].

The interest in these O—m junctions has been stimulated by the existence of
unusual topological vortex solutions. A spontaneous Josephson vortex carrying a
fraction of the magnetic flux quantum @, ~ 2.07 x 107! Wb may appear at the
0—m boundary [10, 16, 17]. In the region where the phase ¢ changes from 0 to
7 there is a non-zero gradient d¢/dy of the Josephson phase along the junction
that is proportional to the local magnetic field. In essence, this field is created by
supercurrents ~ sin(¢) circulating in this region. These currents are localized in
a A;-vicinity of the O-r boundary (A is the Josephson penetration depth) and
create a vortex of supercurrent with total magnetic flux equal to £&/2, whereas
a usual Josephson vortex carries =&y, provided that the junction length L > A;.
In the case of L < A, the spontaneous flux [10, 16, 18-20] |@| < &y/2. It was
shown theoretically [20,21] and indicated in experiments [11, 14,22] that for certain
conditions the existence of a fractional Josephson vortex at the O—m boundary is



6 Ferromagnetic Josephson Junctions with Critical Current Density 135

Fig. 6.1 Sketch of the 0-n "
ferromagnetic Josephson N
junction

i

q)

energetically favorable in the ground state. The fractional vortex is pinned at the
0—m boundary and has two polarities that may be used for information storage and
processing in the classical and quantum domains, for example to build JJ-based
qubits [23]. We note that the fractional vortex described above is always pinned
and is different from fractional Josephson vortices that are the solutions of a double
sine-Gordon equation [24-26].

Not only single Josephson junctions, but also superconducting loops intersected
by two JJs (dc SQUIDs) and JJ arrays may be used in applications. Such arrays
consist of N Josephson junctions connected as a one-dimensional parallel chain in
such a way that N — 1 individual superconducting loops are formed. Such an array
exhibits an unusual dependence of its mean voltage on the magnetic field H for
an overcritical applied bias current. If the loops are identical, the voltage response
V(H) is ®y-periodic. For JJ arrays with incommensurate loop areas the voltage
response V(H) is non-periodic, and can have a rather sharp dip at H = 0. This
property may be used to create a sensitive absolute field magnetometer that is called
superconducting quantum interference filter (SQIF) [27-31]. So far, these SQIFs are
based on usual JJs. However, recently it was also suggested to realize O—7 SQUIFs,
using constriction junctions in d-wave superconductors [32]. In the presented work
we suggest SQIF-like structures of a new type based on 0-m s-wave JJs with a
ferromagnetic barrier.

Recently, a set of SIFS JJs having a variety of different shapes was demonstrated
experimentally: rectangular O-m, 0—7—0, 20 x (0-7-); annular O-z JJ and disk-
shaped O-m JJ, where the O—7 boundary forms a loop [33]. The Josephson
supercurrent transport in all such structures was visualized [33] using Low Temper-
ature Scanning Electron Microscopy (LTSEM) and current counterflow between 0
and 7 regions was confirmed. We note that among all 0— JJ technologies available
nowadays, only SIFS or SFS technology allows to fabricate JJs with a topology
where the 0—m boundary forms a loop. Furthermore, the demonstration of a JJ
consisting of 20 x (0-7-) periods was motivated by the possibility to produce a
so-called ¢ JJ [24, 34], but this aim was not reached yet. Instead, in such structures
(not only on SIFS, but also in Nb/cuprate ramp zigzag JJs [35, 36]) one observes
experimentally an /.(H) dependence which is noticeably different from predicted
theoretically [35]. It was recently found that such structures are extremely sensitive
to non-uniformities of magnetic field (that arise as a result of field focusing by
electrodes) and also to the misalignment angle [37].
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In many investigations of 0—m JJs, it is assumed that the length of the junction
L > A; and that the critical current density is uniform along every part of the
junction. The peculiarities arising on the nano-scale in the vicinity of the 0-x
boundaries are usually neglected. In this work, we show in the framework of a
microscopic theory of superconductivity that if some property of the JJ changes
in a step-wise manner, its critical current density Jc may have a peculiar oscillatory
dependence in the vicinity of the step. This leads to an unusual dependence of
the maximum supercurrent /. (H) vs. the external magnetic field. Instead of the
Fraunhofer pattern usually observed for a uniform JJ, /,,,x grows linearly with H on
a comparatively large interval. This behaviour can be realized for certain junction
parameters, for example for specific values of the ferromagnetic layer thickness df.
We have obtained this result for SIFS JJs assuming the existence of a step-like non-
uniformity in the transparency of the FS boundary, which should be sharp on the
scale of the ferromagnetic coherence length &7 [38]. The Josephson junction with a
ferromagnetic barrier has a complex coherence length

£ =g 4ig! (6.1)

In the “dirty” limit (electron mean free path [ < &) if we neglect additional pair-
breaking mechanisms one can obtain & = & = &p [2]. The practical realization of
the structure with a sharp SF boundary step on the scale £r may be difficult as the
typical value of £ ~ 1 nm. One of the possible solutions is to introduce a normal
metal (N) into the junction, i.e. to use an SIFNS structure. Then, the relevant length
is £y ~ 100nm > &p, as a consequence of the proximity effect between F and N
layers [39]. Fabrication of such steps should not pose technological problems. The
next step would be to make an array of these junctions for example as in SQIFs.

It was shown that SFS JJs with periodically changing F-layer thickness at certain
conditions can have not only O or s, but also an arbitrary Josephson phase ¢
(0 < |¢| < m) in the ground state — such a junction is called a ¢ JJ [26, 32, 40].
However, these conditions [26] are practically not achievable using contemporary
technology. In addition to providing an arbitrary phase bias, such ¢ junctions have
rather interesting physical properties such as two critical currents, non-Fraunhofer
Josephson current dependence on an external magnetic field, half-integer Shapiro
steps and an unusual behaviour when embedded in a SQUID loop. In long ¢
junctions, two types of mobile Josephson vortices carrying fractional magnetic flux
D1 < @y and @, = Py — P may exist, resulting in half integer zero field steps, two
critical values of magnetic field penetration and other unusual properties [41].

The idea to realize a ¢ JJ was pushed forward by considering some practical
aspects [42]. Following the original idea [24, 34] to achieve a ¢ ground state,
one needs to control the size and critical current densities in 0 and 7w regions
with unprecedented precision. It was shown that by using SFS JJs with a clean
F-layer, one can obtain a substantial contribution from the intrinsic negative second
harmonic in the CPR and substantially extend the regions of the ¢ ground state [42].

This article is organized as follows. In Sect.6.2, we investigate ferromag-
netic Josephson junctions with step-like interface transparency and its arrays.
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Section 6.2.1 describes the model based on the linearized Usadel equation for an
SIFS junction with a step-like transparency of the FS boundary. Its behaviour in
an external magnetic field is investigated. Section 6.2.2 describes SIFNS structures
with a step-like transparency of the NS boundary. The properties of asymmetric
SIFNS junctions with few different steps of the boundary transparency are presented
in Sect. 6.2.3. In Sect. 6.2.4, the magnetic properties of symmetric and asymmetric
periodic arrays of these junctions are described. In Sect. 6.3, we propose a method
for the reliable realization of a ¢ Josephson junction. In Sect. 6.3.1, we describe the
model and derive the equations for the effective phase using an averaging procedure
over the rapid oscillations of the phase. Section 6.3.2 contains the discussion and
results of calculations done for a “clean” SFS junction. Section 6.4 concludes this
work. The calculation details for SIFS and SIFNS Josephson junctions can be found
in the appendices.

6.2 Ferromagnetic Josephson Junctions with Step-Like
Interface Transparency

6.2.1 Model for SIFS Junction

6.2.1.1 Critical Current Density Distribution

We consider a Josephson junction of length L consisting of two semi-infinite
superconducting electrodes, separated by a ferromagnetic layer of thickness d and
a thin insulating film of thickness d;, d; < dF (see Fig. 6.2).

The IF interface coincides with the yz plane, and it is assumed that the structure
is homogeneous in z-direction but not in y-direction. The suppression parameters
yp1 and yp, for the parts of the FS interface located at 0 < y < L/2and L/2 <
y < L, respectively, are supposed to be large enough to neglect the suppression of
superconductivity in the S part of the SF proximity system in the structure. ygi2) =
Rp12)S/2pr&F, where Rpj (2 is the resistance of the corresponding part of the FS
interface, S is the area of the junction, and pr is the F metal resistivity. We assume
that the dirty limit condition / < & y s is fulfilled in the F and S layers and that the
effective electron—phonon coupling constant is zero in the F metal.

Let either be the temperature 7 close to the critical temperature 7, of the
superconducting electrodes or the suppression parameters at the FS interface large
enough (yp1, yp2 > 1) to permit the use of the linearized Usadel equations in the F
film. Under the above restrictions, the problem of calculation of the critical current
density in the structure reduces to the solution of the two-dimensional linearized
Usadel equation:

92 92 ]
} F— 2 Of =0, (6.2)

2 —_— —_—
i { 0x2 + dy? nT.
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Fig. 6.2 Schematic view of
the SIFS Josephson junction
with a step-like change of the
FS interface transparency

(yg1 # vB2)

where w is the Matsubara frequency, @ = |w| + iEsign(w), E is the exchange
magnetic energy of the ferromagnetic material, its coherence length & =
(Dr/27T,)"/?, and Dy is the electron diffusion coefficient. O = Or(x, y,w) is
the parameterized Usadel function, introduced by the expression @ = @ Fr/GrF,
where Fr and GF are Usadel functions for the ferromagnetic region. We use the
units where the Plank and Boltzmann constants are # = 1 and kg = 1.

Under the assumption |yp; — vp2| /¥B1Y82 < 1 the boundary conditions at the
FS interfaces located at x = dy can be written in the form [43]:

)
gF 9 Aexp{li} L
)’Bl:_@F: ) 05)’5_7
® 0x Vol + A2 2
By
Ep 9 Aexp{li} L
2 Op=—— . ~<y<L. 6.3
vB2=5-Or A 7 Sy= (6.3)

Here, A is the modulus of the order parameter of the superconducting electrodes,
and the phase of the order parameter takes the values +¢/2 on the two junction
sides respectively. These conditions directly follow from Kupriyanov—Lukichev
boundary conditions (see [43]) in the case of small interface transparency and had
been intensively used for the analysis of a wide scope of problems in SF multilayers
with small interface transparency [1,2,44].

The boundary condition at the interface covered by the insulating film (x = 0)
is [43]:

ad
—OF =0 (6.4)
ox
At the free ends of the junction located at y = 0, L the boundary conditions
correspond to zero current through these surfaces and have the form:

—OF =0. (6.5)
dy
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Fig. 6.3 Critical current
density distribution (in units
of 7T /eRS) along the 41
non-uniform SIFS Josephson
junction. The temperature is
T = 0.1T,, the exchange
magnetic energy is
E =357T., yp1 =2,
YB2 = 10, dF = 0956%‘1:
corresponds to the point of
the O—r transition; for
dr = 1.2&F the junction is 2L L L L L
far from this transition L/2-38, L2 L/2+3e,
coordinate y

—— d,70.956¢,

J () [10°2nT/eRS]

The final expressions for the solution of this two-dimensional boundary problem
OF(x,y,w) are given by (6.10) of Appendix 1. The Usadel function @ (x, y, ) is
substituted into the expression for the superconducting tunnel current density [45],
that gives the sinusoidal current—phase relation

J(P) = Je(y)sin(@). (6.6)

with the critical current density distribution of the following form:

Je(y) = (6.7)

w

27T A O£ (0, y,
v4 Z = zReI: F( yw)j|’
eRSw:O‘/A +w

where R is the normal resistance of the tunnel SIFS junction. The calculation
of Jc(y) yields the following unexpected result: at some parameters (e.g., the
ferromagnet thickness dr [46]) when the uniform junction is close to a 0-m
transition (Jc = 0), Jo () (6.7) exhibits damped oscillations in the vicinity of
the transparency step (Fig.6.3). J¢ (v) changes sign so that the junction properties
change from the 0 state to the 7 state on the scale of £. This means that a 0O—m nano-
junction with zero total critical current is formed inside the structure. Previously,
a similar effect was predicted for an SFIFS-SNINS non-uniform junction [47].
Note that we call “O-r transition” the conditions when the uniform junction has
zero critical current, and “O—m nano-junction” the region where the critical current
density J¢ () is non-uniform and changes its sign near the junction non-uniformity
under these conditions.

6.2.1.2 Maximum Josephson Current in an External Magnetic Field

The non-uniform distribution of the critical current density must lead to some
peculiarities in the junction behaviour in an external magnetic field.
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We start from the Ferrell-Prange type equation for an inhomogeneous Josephson
junction

103 2¢( )———— C(y) ing(y )— - (6.8)
Here, Ajo = A;(Jco), and
D
As(Je)= | ———— 6.9
1(Jc) 2pord’ 1c] (6.9)

is the Josephson penetration depth, where Jc¢ is the maximum of the critical current
density along the junction, J is the bias current density, pod’ is the effective
inductance per square of the junction electrodes, d’ ~ 21, and A is the London
penetration depth of S regions. We assume that the ferromagnetic layer is thin
enough to neglect its influence on A .

Since the typical scale of the critical current oscillations is £ < A g, it is more
interesting to examine a Josephson junction of intermediate length L in y-direction:
Ep, AL < L < Ayp. It is also assumed that the width of the junction in z direction
exceeds the value A, . Under these conditions, it is possible to use the local equation
(6.8) [48]. In this case, the solution of (6.8) can be found in the linear form
¢ (y) = ¢o + hy/Ep, where h = H/H, is the normalized applied magnetic field in
z-direction, and Hy = @y /2népd’.

The total current through the junction is calculated and the phase difference ¢y
providing the maximum of the total current at each value of & is determined. This
yields the dependence of the maximum Josephson current through the junction on
the external magnetic field I, (H ), that is given by (6.11) in Appendix 1.

If the ferromagnet thickness dr has a value such that the JJ is either in the
0 or s state, then I, (H) is mainly defined by the first term under the square
root in the expression (6.11). This term describes the contribution of the average
critical current density along the junction. The corresponding dependence /,.x (H)
resembles a Fraunhofer pattern, that is typical for uniform Josephson junctions with
L < Ajo. With increasing non-uniformity yz,/yp1 # 1, the oscillation period of
the Fraunhofer-like pattern is doubled (compare the dash-dot and the dash-dot-dot
lines in Fig. 6.4a). From calculation of the current distribution, we find that this is
due to the fact that only one half of the junction actually conducts the current in this
situation.

If the junction approaches the point of the O— transition, the O—z nano-junction
forms inside the structure (see J¢(y) profile in Fig. 6.3) and the picture changes
by the following way: The maximum Josephson current goes up if the magnetic
flux through the JJ @ = H S increases first keeping its oscillations (Fig. 6.4a). This
increase continues up to a very large magnetic flux, much larger than @, while
the Fraunhofer oscillations have a period of @y. (Fig.6.4b). I (®) achieves its
maximum value when the magnetic flux through the nano-junction @’/®, = 1.
@’ depends on the length of the nano-junction that is defined by the critical current
non-uniformity region ~ &r and does not depend on L. The magnetic flux @
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Fig. 6.4 Maximum total
supercurrent (in units of
27T /eR) of an SIFS JJ as a
function of the magnetic flux
through the junction (in units
of @) for different
ferromagnetic layer
thicknesses dr (the O—m
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through the whole junction giving the maximum of [, (®) depends on the ratio
L/&p. The physics of this effect is rather transparent. The external field destroys
the initial antisymmetric distribution of the supercurrent inside the nano-junction
(Fig. 6.3). Since the external field increases, the antisymmetry vanishes, and the full
current across the junction grows. A similar /y,,x (@) dependence with a minimum
current at zero field was obtained experimentally and described theoretically for
0—m JJs with a step in the F layer thickness [11,15,22]. In our case the extraordinary
high value of the field is related to the very small size of the nano-junction ~ £f.

To fabricate such structures one needs the junction to be close to the O-m
transition (dr close to d%™) with high precision. Since d%™ depends on T this
could be realized by changing 7', as temperature induced O—r transitions in SFS JJs
were already observed [11,13,49].

To enhance this effect, one can create a periodic array of O—m nano-junctions.
The influence of the nano-junctions would be most significant if the length of every
facet is comparable with the size ~ &r of Jc(y) oscillations. This is difficult to
realize technologically because the value of £f is rather small ~ 1nm. Moreover, it
seems to be necessary to keep the layer thicknesses with very high precision along
the entire array.



142 N.G. Pugach et al.
Appendix 1

The parameterized Usadel function @ (x, y, w) found as a solution of the boundary
problem (6.2)—(6.5) at the left part of the junction 0 < y < L/2 can be written as:

o, — AD exp{i%} cosh (ﬁx/“;‘p) 610
F VA2 + 0?2 VB ) ﬁsinh(ﬁaﬂ:/&*) (©10

— 2 (=1)k kx/d
_ Ym2 VBlngp Z/( 2)~COS(7T x/ 2F)
VB2 drow + (wkér)

X exp [—% N (nksF/dF)Z} ,

where Y means that at k = 0 only half of the term is taken. The order parameter
and the Matsubara frequencies in (6.10) and below are normalized on 7 7,. The
solution of the boundary problem (6.2)—(6.5) at L/2 < y < L can be reconstructed
from (6.10) by replacing yp; by yp>. The second term in (6.10) describes the
perturbation of the Usadel functions due to changing the FS interface transparency
at x = dp, y = L/2. Substitution of (6.10) into the standard expression for the
Josephson current yields the J¢(y) (6.7). To find out the maximum Josephson
current through the whole junction as a function of an external magnetic field,
Inax(H), we start from the Ferrell-Prange type equation for the non-uniform
Josephson junction (6.8). In the practically interesting limit £ < L < Ay, its
solution ¢ (y) can be found in the linear form. To calculate the maximum value of the
supercurrent ¢ () is substituted into (6.8) and (6.7) is integrated over y. Thus, the
obtained total supercurrent through the junction is further maximized with respect
to the phase difference ¢. This procedure finally leads to

2
I8 = 215y sin(hL 26 )F + (22007 6.11)
where

b :VB1+VBZZ7TT§: A? Re Jo

: yBiYe2 eR “— A? + 2 Sinh(§—§ NG,
5 = vp2—yp1 2nT i AV
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veiye2 eR ‘= A+ w?
1 cos(hL/2&F)
x Re

Vo T sinh (VG T 7)  Jasinh (43)
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Fig. 6.5 Schematic view of a
SIFNS Josephson junction
with a step-like change of the
NS interface transparency

The first term under the square root in the expression (6.11) corresponds to the
contribution of uniform regions |y — L/2| > &p and has the Fraunhofer form,
while the second term with X, contains a more complicated dependence on h
and describes the non-uniformity of J¢ (y) and it is connected to peculiarities of
Inmax (h). Tt exceeds the first term in the vicinity of the O—m transition. It is clearly
seen from (6.11) that in the absence of the non-uniformity (yp; = y g2, thus X, = 0)
the dependence of I« (/) reduces to the well known Fraunhofer pattern.

6.2.2 SIFNS and SINFS Structures

6.2.2.1 The Boundary Problem

To overcome the difficulties mentioned above, we have considered a junction
with an additional normal metal layer, i.e. non-magnetic (E = 0) and non-
superconducting (A = 0), with a thickness dy (Fig.6.5). The NS boundary has
a step-like change in transparency. Now a non-uniform NS boundary is described
by the suppression parameters yp; for0 < y < L/2 and yp, for L/2 <y < L,
respectively, which are supposed to be large enough to neglect the suppression of
superconductivity in the S electrode.

The corresponding boundary problem for the linearized Usadel equation differs
from the previous one by the existence of the additional normal layer. Now the set
of linearized Usadel equations includes also the equation for the N region that is
written similarly to (6.2) as

02 02 w
20 4 Loy — Oy =0, 6.12
% { a2 T 8y2} N ON (6.12)
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where the normal metal coherence length £y = (Dy/27T.)"/?, and Dy is the
diffusion coefficient. The boundary conditions for the non-uniform NS interface
(x = dF + dy) have the form:

wAexp {1%}

VBlENaQN = Tt 0<yc=
9 wAexp {1%} L
VBzENg(’DN = W, 5

The boundary conditions at the FN interface located at x = dr can be written as

, (6.13)

<y<L. (6.14)

d d
LRI T (6.15)
|w] 0x ® Jdx
, _
OF + ypir—Or = — 0y, (6.16)
ax o]

v = Rer2S/prér, v = pnEn/prér,

where Rgr is the resistance of the FN interface; py(r) is the resistivity of the N or F
layer, respectively.

There are also additional conditions at the free ends of the N layer located at
y=0andy = L:

i@N =0. (6.17)
dy

This boundary problem (6.2), (6.3), (6.5), (6.12)—(6.17) was solved analytically.
The solution is presented in Appendix 2 [(6.21), (6.22)]. Inserting (6.22) into the
expression (6.7), it follows that J¢ () has changed in comparison with the SIFS
junction, as can be seen in Fig. 6.6.

The current distribution keeps its form, but stretches along the y-axis proportion-
ally to &y. The reason is an interplay of the ferromagnetic and the normal coherence
lengths due to the proximity effect. The Usadel function in the N region noticeably
changes on the distance of the order of £y from the step at y = L /2. Subsequently,
the ferromagnet “feels” this change also on the distance ~ &y from the step and
conducts this information to the other superconducting electrode. The FN interface
parameters y, yp and the ratio s = £y /& define the strength of this influence. This
effect holds also when dy < £y. A thicker N layer slightly extends the length scale
of the Jc(y) oscillation, but also decreases the absolute value of J¢. The Je(y)
distribution is shown in Fig. 6.6 for various values of dy and s. While the dy /s
ratio stays constant, the O— transition occurs at the same conditions (dr, T, y, ¥
and so on).

Thus, the scale of the J¢ (y) changes in y-direction is o< £y and can be hundred
times larger than & It is a very interesting manifestation of the FN proximity effect
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Fig. 6.6 Critical current density distribution (in units of 277 7' /e RS) along the non-uniform SIFNS
Josephson junction of length L = 2,000&f at different N-layer thicknesses dy and &y so that
dy/éy = 5. The temperature is 7 = 0.17,, the exchange magnetic energy is £ = 357 T,, the
non-uniform NS boundary damping parameter is yp; = 2, ypy = 10, the FN boundary parameters
are Yy = 0.1, yp = 0.2, the ferromagnetic layer thickness dr = 0.987&f corresponds to the point
of the O—r transition

that was already described for other geometries [50]. The critical current oscillation
arises due to the presence of the ferromagnet in the structure, but the normal metal
determines the period of J¢ oscillations in y-direction. Thus, we have constructed
a 0-m nano-junction on the scale £y > &p.

6.2.2.2 SIFNS Junction in an External Magnetic Field

It is clear that the size of the critical current non-uniformity influences the junction
behaviour in an external magnetic field. The dependence I, (H) for the junction
near the O—r transition and I, (H) for the uniform JJ with an average interface
transparency are shown in Fig.6.7. Here, the O—m nano-junction is wider than
the one inside the SIFS junction, so that one needs much lower magnetic fields
to destroy its asymmetry. Therefore, the width of the peaks becomes smaller and
comparable to the Fraunhofer oscillation period when the junction length L ~ &y.
The details of these calculations are presented in the Appendix 2.

It is also interesting to investigate a tunnel JJ with reversed order of the F and N
layers, namely a SINFS structure. The solution of the boundary problem is similar
to (6.2), (6.3), (6.5), (6.12)—(6.17) for such a SINFS junction, and with the same NF
boundary parameters Y, yp, and the same resistances Rp;, Rp, of the FS interface
yields exactly the same expression (6.23) for J¢ (v). This means that the Josephson
effect and the magnetic properties of these non-uniform tunnel structures do not
depend on the order of the F and N layers. The length-scale of J¢ () oscillations is
defined by the layer with the largest coherence length. This statement remains valid
as long as one may use the linearized equations.



146 N.G. Pugach et al.

,[10°2nT/eR]

max

Maximum supercurrent /

-6 -4 -2 0 2 4 6
Magnetic flux ®/@;

Fig. 6.7 I, (®) (in units of 277 /eR) of a SIFNS JJ and its Fraunhofer part given by the first
term under the square root of (6.24) (dashed line). The conducting layer thicknesses are dp =
0.987¢F , and dy = 5&y; Ey = 50&p, the junction length is L = 2,000£f, the temperature is
T = 0.1T,, the exchange magnetic energy is £ = 35 T,, the non-uniform NS boundary damping
parameter is yp; = 2, ypo» = 10, the FN boundary parameters are y = 0.1, yp = 0.2

6.2.2.3 Micro-Vortex Forming

One can also consider the opposite problem, i.e. the influence of a direct current on
the magnetic field distribution inside the SIFNS structure. An interesting question
is: can the 0—m nano-junction include some fractional Josephson vortex as in long
0—m Josephson junctions? Naturally in the ground state when the current through the
JJ is equal to zero, I = 0, the equilibrium phase distribution ¢ (y) remains constant
along the junction due to the small size of this nano-junction ~ £y < A, as Ay is
the typical length-scale for phase changes.

Let us consider the case when the supercurrent through the junction is finite,
but does not exceed its maximum value, i.e. 0 < I < I, Qualitatively, since
one part of the non-uniform junction conducts the Josephson current much better
than the other one (due to the difference in the NS boundary transparency and
consequently in the value of J¢), the supercurrent redistributes within the junction
area. This redistribution can be interpreted as a vortex of supercurrent. This vortex
produces a magnetic field in z-direction, and is pinned around y = L/2, where
the transparency changes step-wise. The distribution of the magnetic field and the
corresponding magnetic flux have been calculated under the assumption that the
local phase variation is much smaller than its average value.

The largest magnetic flux @ is induced when the Josephson current takes its
maximum value I = I, Far from the O-n transition, the magnetic field H(y)
increases almost linearly up to the non-uniformity point y = L/2 with a smooth
extremum at y = L/2, as shown by the dashed line in Fig. 6.8. At the same time
at dp = d™, the field distribution has a typical width (Fig. 6.8) comparable to the
length of critical current non-uniformity (see Fig. 6.6). The corresponding magnetic
flux @, in this case does not depend on the junction length L contrary to the case
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Fig. 6.8 Magnetic field distribution along a SIFNS junction at bias current / = I,(0) for
different thicknesses of the F-layer: dr = 0.987&F corresponds to the point of the 0—r transition,
with magnetic flux through the junction @y, = 0.135u0d T /eR; far from the O transition
at dp = 1.2y , @ = 15.8u0d T /eR. The N-layer thickness is dy = 5&y, £y = 50&f, the
junction length is L = 2,000, the temperature is 7 = 0.17,, the exchange magnetic energy is
E = 357 T,, the non-uniform NS boundary damping parameter is yz; = 2, Y2 = 10, the FN
boundary parameters are y = 0.1, yp = 0.2

of the junction far from the O—r transition. The value of @y, is smaller than @ due
to the small length of the nano-junction and small value of the critical current, i.e.

2 - L_2 lyB1 — vB2]
Dy Ay v+ vsr

Do ~ ih’m — 2|

(6.18)
Dy Ajy v+ Vm

Here, A ;¢ is defined by (6.9).

6.2.3 SIFNS Junction with Few Steps
of Boundary Transparency

Technology does not allow fabricating ferromagnetic JJs with ideally smooth
interfaces. Moreover, one often uses a thin normal layer below the ferromagnet
to improve the JJ properties [13, 51, 52]. The interlayer boundary non-uniformity
may create peculiarities in the J¢ () distribution that have an effect on the junction
behaviour in an external magnetic field. To describe this behaviour, as a first attempt
it would be reasonable to consider a SIFNS Josephson junction having a few steps
of the boundary transparency. At first, we take three steps with different lengths
and FS boundary damping parameters yp;, yp> and yps respectively. The length
L; of every step is assumed to be L; > &y, but the length of the whole junction
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Fig. 6.9 Asymmetric SIFNS
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remains L < A;. Under these assumptions, the function J¢ (y) = J¢; becomes a
constant far enough from the non-uniformities (J¢; is the critical current density
of the uniform JJ with the damping parameter y;). In this region, the condition
dJc(y)/dy = 0 is fulfilled as on a free end of the junction. Therefore, the solution
of the corresponding boundary problem may be constructed from the solutions
presented above:

Je(y) = Jc(y,vB1.vB2), if 0 <y < 2L,
Jc(y) = Je(y,ypa.yp3), it 2L <y <2Ly + 2Ls,

where L, = L; + Ls.

Jc(y) at dp = d™ is neither symmetric, nor antisymmetric in y-direction,
see Fig.6.9a. Such a distribution J¢(y) results in a rather complicated Jmax(H)
dependence, which remains non-Fraunhofer-like far from the O—m transition, see
Fig. 6.9b.

If the junction is symmetric yp; = yp3 and Ly = L,/2 = L3, there are two dif-
ferent situations yp; = yp3 < yp2 and yYp1 = Yp3 > ¥p>. The first one corresponds
to one junction with a large J¢ in the centre of the structure, and the second one
corresponds to two junctions with a large J¢ at the ends, which length is twice
less than the length of the central section. Thus, in the second case and far from
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Fig. 6.10 [, (®) of the
symmetric SIFNS Josephson
junction having three regions
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transparency (a) far from the
0—r transition dp = 1.2&F,
and (b) in the vicinity of this
transition dp = 0.987&F. NS
interface damping parameters
yp1 = yp3 and yp, take the
values 2 and 10, as it is shown
on the inset.
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the O—r transition, the period of the I, (H ) dependence will be twice smaller than
in the first case, see Fig.6.10a. In the vicinity of the O—r transition, the picture
is practically the same for both cases, see Fig. 6.10b. The reason is that in this
situation the Josephson current is defined mainly by two 0—m nano-junctions related
to oscillations of J¢ () in the non-uniform areas.

Such a consideration may help to understand how the interlayer roughness or
non-uniformity of the interfaces (of length ~ &y) lead to deviations in I, (H)
from the Fraunhofer pattern obtained for the uniform structure with the averaged
parameters. This deviation would depend not only on the value of the roughness but
also on its distribution in the junction plane.

6.2.4 SIFNS Junctions Array

6.2.4.1 JJ Arrays in a Magnetic Field

The relatively long range of J¢ () non-uniformity in the SIFNS structure makes
it possible to fabricate an array of nano-junctions with periodic step-like changes
of the transparency of the NS interface. The transparency step must be sharp in
comparison with £y and it is assumed that the length L; of every uniform part
satisfies the conditions: £y < L; < Aj.
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Obviously, the periodic oscillation of the transparency leads to variations of the
Usadel functions ®y and @ and the critical current density along the junction with
the same period. The expression (6.21), (6.22) for ®y r has a form of a series of 2L;
periodic functions. So, the expression for the function of the periodic array, where
the NS boundary damping parameter takes the alternating values yp; and yp,, may
be constructed again as a simple continuation of the function @y r (6.21), (6.22)
along the whole array. We have proven that this boundary problem does not have
any other solution.

The J¢ (y) calculated from (6.7 and 6.23) for the periodic structure far from and
near to the O—r transition is presented in Fig. 6.11a.

The periodic array could be symmetric (contains an integer number of trans-
parency periods) or not symmetric (contains semi-integer number of transparency
periods), but its length is assumed to be much shorter than A jo. In the symmetric
case, the expression for the maximum Josephson current I,x(H) has only the
term with sin(m®/®,) (@ is the magnetic flux through the whole junction). The
simple sin-dependence (6.25) leads to the value ¢p9 = /2 at which the maximum
super-current I, is realized. This value does not depend on H and on the array
length as in the case of a uniform junction having the well-known Fraunhofer
I'max (H) dependence. However, the coefficient in front of sin(w @ /@) depends on
the magnetic field due to the non-uniformity of the structure. It leads to deviations
from the Fraunhofer pattern both far and near the O—x transition, as shown in
Fig.6.11b,c.

If the structure is not symmetric, the expression /. (H) (6.26) looks like a
non-Fraunhofer function for a one-step structure. Both the symmetric and the non-
symmetric arrays give similar complicated curves I, (H). The applied magnetic
field together with non-uniform current distribution along the junction yield the
appearance of additional oscillations and sharp peaks in the dependence Iiax(H)
(Fig.6.11b,c).

The short oscillation period is defined by the magnetic flux through the whole
array. The long period of the additional oscillations depends on the length of every
step (i.e. the semi-period of the structure non-uniformity), namely on the value of the
magnetic flux through this step. Near the O—r transition the appearing sharp maxima
lay under the envelope curve which is nothing else but /;,,x(H) for a one step JJ of
the same length. The distribution of the peak heights (the third oscillation period)
depends on the J¢ (y) non-uniformity scale, that is defined by the ratio £y /& and
the value of dy .

The sharp peaks in Iy,x(H) arise not only in the vicinity of the O— transition,
but also for an arbitrary ferromagnetic layer thickness. This means that it is not
necessary to keep high precision of the parameters along the whole structure. These
sharp peaks have obviously a similar origin as the periodic peaks on the voltage-
field dependence of the periodic array of usual SIS JJs described in [27,29]. The JJ
with periodically changing interface transparency also can be considered as an array
of large J¢ junctions inserted between junctions with small Jc.

Now, there are three scales: the length of the array L, the length of each region
with constant transparency L; and the width of the critical current non-uniformity
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~ &Ey. All of them are assumed to be much smaller than A ;. Their interplay defines
the behaviour of the structure in the external magnetic field and yields various
unusual forms of the I,,x(H) dependence. This allows to design JJ arrays with
peculiar magnetic properties.

6.2.4.2 Averaging Over Short-Range Oscillations
Up to now it has been assumed that L < Ajo. If the junction length becomes

comparable to Ao [13, 15,51], the linear phase ansatz cannot be used anymore.
However, if the conditions £, §y < L; < Ao remain valid for each transparency
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Fig. 6.12 Effectively generated second harmonic in the current—phase relation in comparison with
the first harmonic for a JJ with periodically changing boundary transparency as a function of F-
layer thickness. Inset shows the ratio J¢a/Jey in a small region 0.986F < dr < 0.988&f near
the O—r transition. The NS boundary damping parameter takes the values yp; = 2 and yp, = 10,
the N-layer thickness is dy = 5y, éy = 50&f, the temperature is 7 = 0.17,, the exchange
magnetic energy is £ = 357 T,, the FN boundary parameters are y = 0.1, yp = 0.2, the length
of every homogeneous area is L; = 2,000& ¢

region, one can select long-range (~ A ;o) and short range (~ L;) phase variations,
and suppose that the short range variations are much smaller than the long range
variations. Then the problem of calculating the phase distribution along the non-
uniform structure can be reduced to the well-known problem of a non-linear
oscillator [24, 26]. It was shown that the oscillating J¢ (y) leads to an effective
second harmonic J, in the current—phase relation for the long-range (averaged)
phase ¥, that is

J(Y) = Jysin(y) + Josin(2y). (6.19)

We have calculated the second harmonics J, for the SIFNS array with peri-
odically changing transparency of the NS interface. The expression obtained by
averaging out the short-range oscillations is given by (6.27) in the Appendix 2. The
second harmonic obtained in this way always has a negative value.

The dependence of the first and the second harmonics vs. df is presented in
Fig.6.12. The absolute value of J, is not large in comparison with J;. When the
junction has dr far from the O—x transition, J, increases and achieves its saturation
as the length L; increases. J¢ (y) does not change its sign along the junction, and
the relation |J>/J1| ~ L*/27A? is satisfied.

At dp ~ d¥™ where the junction is close to the O transition and its first
harmonic J; vanishes, the effective second harmonic J; is generated by the J¢ (y)
non-uniformity. J¢ (y) changes its sign, but the regions where this occurs are very
small (of the order of £y, that defines the size of the J¢ (y) non-uniformity area),
so that |J,/Jy| ~ €% /2%, < 1. The ratio |J,/J,| formally diverges at the 0-
transition point, where J; — 0, see inset in Fig. 6.12. Thus, the question about the
possibility of a ¢-junction (0 < ¢ < ) realization arises here.
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When in the JJ with current—phase relation (6.19), the conditions

2J,

1

>1,and J> <0 (6.20)

are satisfied, the ¢-junction appears [26,41].

To arrive to the vicinity of the O—rx transition, one can prepare a high quality
JJ with periodically changing interlayer boundary transparency and change the
temperature during experiment. However, the conditions (6.20) are difficult to
achieve due to the very small range of parameter values where they are satisfied.

A possibility to enlarge the domain of parameters where conditions (6.20) are
satisfied is discussed in the next section.

Appendix 2

The boundary problem (6.2), (6.3), (6.5), (6.12)—(6.17) for the SIFNS junction has
been solved analytically both for N and F layers. The derivatives on the free ends of
the junction 0@y r/dy = 0 at y = 0, L (6.5), (6.17); therefore, the solution in the
normal metal layer is found in the form:

Oy(x,y,w) = exp%i%} |:A(x) + Z A, (x) cos (n(2n + 1)%)] , (6.21)

n=0
where the coefficients
x—d F — d N )
7

+L A ve1 + VB2 sinh(x_dF_dN)
26N Jw? + A2 YB1YB2 '

Ax) = ucosh(

m
—dr —d
A, (x) = uy, cosh (XF—N)
.

2D A YBLZVB2 (X —dr — dN)
7(2n + 1)y Vw2 + A2 VB1VB2 M '

where

£ n=0,1,2...

B
\/—5 n — 5 ’
¢ \/[%n(2n+l)} +w
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éNé‘ncosh(d )cosh(d ) + Eryun smh( )
e En
dr dr
X sinh ( ) + yp€ré&y cosh ( ) sinh (—
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&y &y, sinh (d )co h( ) + &Fy L, sinh (—)
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where the parameters corresponding to the ferromagnet:

§r § n=0,12...

(==L, 4= .
\/[%N(Zn + 1)] +w

Taking into account the boundary conditions (6.4), (6.5), the solution for the

ferromagnetic layer can be written as:

5Aexp§i£}
Or(x,y.w) = 2
e || Vw? + A2

vB1 + VB2 (X) YB1 — VB2
X | ——=vcosh|—- ) ————
YB1YB2 ¢ YB1YB2

(6.22)

X ni::)vn cosh (;c—n) cos (n(Zn + 1)%) ]
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b 1e/2

L&y sinh (d—N) cosh (d ) + wuyér sinh (—F)
du ¢ " ¢

x cosh ( ) + ypénEF sinh ( ) sinh (—)
% % ¢

2=
= 7(2n + 1)
y e

£, &y sinh (d—N) osh(d )—l—y,unépcosh(d )
dﬂw ¢ dn Mo

xsmh( )yB§F§N+smh( ) nh( F)
¢n Hn ¢n

The critical current density given by the expression (6.7) turns out as follows:

2nT A?
Je(y) = Z AVEEE

Rev

% yYB1 + VB2 _YB1L—
VB1VB2 VB1VB2

mzwm@m+nﬂ.@m

Substituting the solution ¢ () in the linear form into the Ferrell-Prange equation
(6.8), calculating the total current through the junction and maximizing it over ¢,
we arrive at the following /.« (1) dependence:

2&v TN 2(hL)
I () = 2 [ B3 (—2§F)+Bl(h)cos ) 62
where

J/31+V3227TT§: A? Re NG
yeiyg2 eR ‘= A%+ w? smh( «/_)

B (h) _ YB2 — VB1 2nT i Z Rev,,
\(h) =
ymyp: eR = AT+ o [n(2n+1)gp] _

By =

Here, By describes the Fraunhofer contribution of the average J¢(y), and B
responds to a non-Fraunhofer deviation due to the junction non-uniformity. The
value hL/2Ep = nd /Dy corresponds to the value of the magnetic flux @ through
the junction expressed in units of the magnetic flux quantum @.
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Let us consider an array with a periodic variation of the boundary resistivity.
The junction contains M resistivity steps and, therefore, M + 1 areas of constant
resistivity, alternating between R; and R,. The uniform areas have the lengths L;
each, and L;/2 on the ends. The boundary problem has the same periodic solution
described by the expressions (6.21), (6.22). The corresponding J¢ (y) is presented
in Fig. 6.11a. It yields the dependence I,,,x (H ) for a symmetric array M = 2N, (N
is integer):

T (1) = - S0 B + ) (625)

N

herefs :M|/’I|L,/2$F :Nlhle/EF :N(I)/(po and

ve2—Ym 27T o A? (—=DV*'Rev,
Ba(h) = 2w ZZ
vB1VB2 €R = A+ w = [n(2n+1)sp] _
hL;

The term sin( f)/ f; coincides with the Fraunhofer dependence, but the function
B;(h) makes I1ax (H) more complicated.

For a non-symmetric array containing M = 2N + 1 non-uniformities (see
the corresponding J¢(y) in Fig.6.11a, the non-symmetric Jc(y) yields the
non-Fraunhofer pattern:

1
i (h) = ——/ B sin? fos + B3(h) cos? fis, (6.26)

where fos = QN + 1) |h| L; /28 = 7D/ Dy.

The dependencies (6.25) and (6.26) have a similar form with an additional
oscillation period connected to the magnetic flux through every uniform part of
the structure |h| L; /€EF, while the main (the shorter) period depends on the value
Sfias = 7@/ Py. When |h| = (2n + 1)w&p /L;, one of the terms of the sum B (h)
goes to infinity. It is not a real divergence but uncertainty of the type sin(x)/x at
x — 0. It gives a sharp maximum on the curve I,,,x(H ), see Fig. 6.11b,c.

If the structure becomes long enough, its length compares to the Josephson
penetration depth A ;¢ but the length of each part remains L; < A ¢, and the linear
approximation for the phase ¢ (y) is impossible to use. Then it is necessary to solve
the sine-Gordon equation (6.8) [41]. It was shown [24,26] that a second harmonic
in the current—phase relation (6.19) for the long-range phase effectively generates in
this situation. The first harmonic in the SIFNS array is the average critical current
J1 = By/S. The expression for the effective second harmonic obtained by the
averaging procedure described in [24,26] has the form

L? > B2
J = i (6.27)
4EZAJ0 |JC0| (Zn +1)

where
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_Yr—yp2nT i A?

B
! YB1YB2 eRS A2+ w

2Rev,,.

w=0

It is necessary to note that the product A3 |Jco| does not depend on the value
Jco: A% |[Jco| = Do/2mo(2A1) in accordance with the definition of Ao (6.9).
The dependence of the effective first and second harmonic of d is presented in
Fig.6.12.

6.3 Method for the Reliable Realization of a ¢ Josephson
Junction

6.3.1 Phase Averaging of Rapid Oscillations
with a Non-Sinusoidal CPR

The ¢ junction is a JJ, where the Josephson energy density

¢
Ey= / J(¢)dg! 6.28)
v
0

has a local minimum at ¢ = ¢ (0 < |¢| < ). To achieve this, the current—phase
relation should be different from the usual sinusoidal one (6.6). It has been shown
that a ¢ junction can be realized when the CPR has a second harmonic (6.19) and
the conditions (6.20) are satisfied.

An intrinsic non-sinusoidal CPR j(¢) = j sin(¢) + j» sin(2¢) + ... is not so
exotic for Josephson junctions with a ferromagnetic barrier [2], as demonstrated
recently in several experiments [53, 54]. Note that j; is not anymore the critical
current density, but just the amplitude of the first harmonic and j, is the amplitude
of the second harmonic. The critical current density J¢ is then determined by
local maxima of j(¢) as shown below. For example, in the simplest case of SFS
junctions consisting of pure S and F metals, the CPR is strongly non-sinusoidal at a
temperature 7 < T,, where T, is the critical temperature of the S metal. Different
scattering mechanisms in the F-layer also influence the CPR: usual (non-pair
breaking) scattering (“dirty” limit) [55-57]; spin-flip scattering [58] and scattering
of electrons from the s to the d-band [5, 59]. In addition, the transparency of
the interfaces or the presence of an extra insulating layer, like in SIFS or SIFIS
junctions, influences the CPR as well [60—64]. However, the theoretical models
[2,5,57-61] that take into account different scattering mechanisms give similar
results: The amplitude of the second harmonic oscillates and decreases with dp
twice faster than the first one. To satisfy (6.20), one is tempted to choose df in
the vicinity of the O—s transition, where |j;| < |j2|. Unfortunately, there j, > 0
[5,57-59], which excludes a ¢ ground state.
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A technique to create a negative second harmonics artificially was proposed
recently [26, 65]. By using one of the available 0—m junction technologies [22, 35],
one fabricates a Josephson junction with alternating short 0 (j; > 0) and 7 (j; < 0)
regions (see Fig. 6.13), which all have the simple CPR like (6.6). Here, an effective
second harmonic with negative amplitude is generated for the averaged phase, which
is slowly varying on the scale of the facet length [26, 65]. Let the alternating O
and 7 regions have the facet lengths L, and L, respectively, so that L, ~ L.
It is assumed that L,;, < A9, )Ll}, where A9 = A, (ji,) and Al} = A;(j1p) are the
Josephson penetration depth (6.9) in the corresponding parts.

The effective second harmonic has a maximum amplitude if L, = L, &~ A, and
if the values of the critical current densities in corresponding regions ji; ~ —Jjip,
see [26,41]. The effective second harmonic amplitude is large enough only if jj,
and jj, are very close by absolute values, demanding to choose thicknesses dr,
and drj, with very high precision less than 1 A for usual “dirty” SFS junctions. This
precision is not achievable technologically. Therefore, a controllable ¢-junction is
quite hard to realize in this way.

However, ferromagnetic Josephson junctions already have some intrinsic second
harmonic. Thus, the question is what will be the effective CPR in multifacet
junctions if one takes into account such an intrinsic second harmonic. Usually,
Jj2 < 0 in the range of dr where j; is rather large. The idea of the method used
here is the following. We use two thicknesses dr, and drj; where j,(dr,) < 0 and
Ji(dra) ~ —ji(dFp). By making a step-like F-layer changing between dr, and
dr, we effectively cancel the large first harmonic and create an effective negative
second harmonic, which adds up with the intrinsic second harmonic.

Mints and coauthors [65-67] considered 1D junctions (along y direction in our
notations) with a critical current density j;(y), which is a random or periodic func-
tion changing on a length-scale L,, L, < )L‘}‘b = A7 (Jia.p). Buzdin and Koshelev
[26, 41] have found an exact solution of this problem if J¢ (y) in (6.6) alternates
between the constant values jj, and j;». Both groups assumed that j, = O within
each region. Instead, here we assume that the CPR j(dFr(y), ¢) is non-sinusoidal as
a function of ¢ within each region, and alternates between j(dr 4, ¢) and j(drp, ¢)
as a function of y. Then the problem of calculating the phase distribution along such
a non-uniform structure can be reduced to the well-known problem of a non-linear
oscillator [68].
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The Josephson current in every region, as an odd function of the phase, can be
expanded in a series of harmonics

J@r (). ¢) = ju(dr(y)) sinng. (6.29)

n=1

and the problem is solved in a general form. Here, j, denotes the amplitude of the
intrinsic n-th harmonic of the current density.

We assume & < L,y < Aa’b, were, £ is the ferromagnetic coherence length,
i.e. the characteristic length for the critical current density non-uniformity at the
region of the step-like change of junction properties [38]. Let us consider one period
of the structure [—L,; L) with F-layer thickness

dF,ua y € [_Laao)

6.30
drp. y € [0, L) (6:30)

dr(y) = {

We rewrite (6.29) to separate the average and the oscillating parts of the Josephson

current, that is,
o0

Jh9) = () [1 4 ga ()] sinng, (6.31)

n=1

where j(y,¢) = j(dr(y), ¢). The average value of any function f(y) is defined as

() = [ FO)dy. 6.32)

—L,

L+L

Then the averaged supercurrent of the n-th harmonic is

. Lajn(dFa) bjn(de)
) = a) ¥ Lojn(drs) 6.33
(Jn) L, Ly ( )

and the corresponding oscillating part is

gn(y) = Un(¥) = {Gu))/ () - (6.34)

so that (g,) = 0 by definition. Here j,(y,¢) = j,(dr(y), $).

One can represent the Josephson phase ¢ () as a sum of a slow component ¥/ (y),
changing on a distance ~ A; = A,({J1)), see (6.9), and a rapid component ¢(y),
changing on a distance ~ L,, Ly , i.e.,

d(y) =¥ + (). (6.35)
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Here, we assume that the junction is short (/ < A;) and do not write the y
dependence for ¥y. We also assume that the average of fast phase oscillations is
vanishing, that is,

(¢)=0. (6.36)

and their amplitude is small
(1¢]) < 1. (6.37)

The ground state of the Josephson junction is determined by the Ferrel-Prange
equation (6.8), in this case

2, %9 _J0.9)

Ty Ul
Substituting (6.31) and (6.35) into (6.38) and keeping the terms up to first order in
£(y), we can obtain equations for the rapid phase ¢:

(6.38)

a%
Zﬁngn(y) sinny = 0. (6.39)

To obtain the equation for the slow phase v, we average (6.38) over the length
(Ls + Lp) < Ay and get

2
J?) 1/2[ Z[,Bn sinny + nB, (g.¢) cosnyr] =0, (6.40)

where 8, = (J.)/|{j1)|- The number of harmonics N, that is reasonable to take into
account within the given approximation, follows from the condition N |{(y)]| < 1.
We have to find the function ¢(y) from (6.39), calculate average values (g,¢), and
substitute them into (6.40). Since for a step-like dr (y) the Josephson current (6.29)
is a step-like function of y, (6.39) has the form 9°¢/dy? = const on every interval
[—L,;0) and [0; Lp). Its solution is a parabolic segment. The function ¢ (y) must be
continuous at y = 0, and at the edges, that is it must satisfy the boundary condition
C(—L,) = ¢(Lp). Moreover, it should satisfy (6.36).

It is convenient to expand the rapid phase ¢(y), as a solution of (6.39), into a
series

L(y) =) Luly)sinny. (6.41)

n=1

From this, the average values are calculated as

2a8jn8jk
11

where 8j, = ju(dra) — ju(dFp) and

Bn (gnl) = — ;onk=1,2. (6.42)
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L2L?
a
24A2(Ly + Lp)? |(1)]

o= (6.43)

By definition (6.9), A% [(j1)| = A7 |jia], where for brevity ji, = ji(dpa). Ay =
Ay (jla)~

The dependence of the Josephson current on the slow phase, which changes on a
large distance of the order of A, follows from (6.40) as

J) = 1GOI[ X Businny + Y nfy (gui) cosny sinky | (6.44)
n n.k

The CPR (6.44) contains contributions of two types: intrinsic harmonics, that are
given by the first term of (6.44) and the effectively generated ones, that are given by
the second term. Intrinsic contributions are defined by the CPR (6.29) of the junction
regions, while generated contributions effectively appear as a result of averaging
over fast oscillations.

The amplitudes of the effectively generated harmonics, which are proportional
to average values (6.42), are largest by absolute value if o and |§j,| reach their
maximum. This happens if the lengths of a and b facets have the largest possible
size, which still allows averaging, i.e,

Lu = Lb ~ A.j (645)

and
jn(dF,u) ~ _jn (dF,b) (646)

Condition (6.46) ensures |(j1}| < |ji«| and consequently A; > A;. It was shown
[26] that even if the equality (6.45) holds exactly, condition (6.37) is satisfied. In
this case, @ = 1/96|j1,4] [c.f. (6.43)].

In all theoretical models developed up to now [2,5,57-61], the second harmonic
was usually considered to be much smaller than the first one (except for the points
of the O—r transition, where j; — 0), with an even smaller third harmonic. So, the
expression (6.29) can be considered as a Tailor expansion in some small parameter.
Then, keeping terms of the same order of this small parameter, we obtain n + k =
N + 1 effective harmonics in the CPR of the multifacet O—r junction.

The number N of harmonics that is reasonable to take into account follows from
the estimate of the short-range phase N max |[{(y)| < 1. As ¢(y) has a parabolic
form, it takes its maximum absolute value at the center of every interval —L, /2 and
L, /2. With the estimate

D Bugn(y)sinny ~ g (6.47)

n=1

one obtains
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LoLy(Ly + 2Lp)|8j1]
24A%2(Ly + Lp)|{j1)]

This is maximized if L, = L, = Ay. Since max|d§j;| =~ 2|j14|, We estimate
max |[{ ()| & 1/8. Thus, as a reasonable choice one can take N = 3. So, within the
above approximations, it is reasonable to consider three intrinsic harmonics with
amplitudes j;_3 and four generated harmonics, i.e.

|(—La/2)| ~ (6.48)

4
J@) =) Jysinny (6.49)
n=1

with

Ji = (J1) +«éj1d)2

Jr = {(ja) — abj} + 2a8j18j3

J3 = (J3) —3adj18)> (6.50)
Jy = —2a8j} — 4asdji8j; .

Here, J, denotes the total amplitude of the n-th harmonic in the CPR for the
averaged phase. These expressions reduce to the earlier results [26,41] if one takes
into account only the intrinsic first harmonic. The expression for every harmonic
is a simple sum of the corresponding average intrinsic harmonic and the generated
part.

6.3.2 Discussion of the ¢ Junction Conditions

We first address the question which type of ferromagnetic junction with O—m facets
can satisfy the conditions for a ¢ junction in the best way. The decay length &;
(6.1) depends on / as well as on a pair-breaking scattering length in the ferromagnet
(spin-flip scattering [58] or scattering into the d -band [69]; both influence the CPR).
Pair-breaking scattering leads to [59,70] & < &, and the Josephson current decays
so rapidly in the “dirty” limit that there are only very tiny regions of dr, and dr
on the dependence ji(dp), where ji(dp,) ~ —ji(dpp). In the “clean” limit the
Josephson current decays slower with increasing dr than in dirty limit. The cleaner
is the ferromagnet, the larger is [, and the slower is the decay; c.f. (23) and (24)
with (7) from [57], or see the discussion in [69]. In the limit [ > (dp, &7), the
critical current density decreases as [55,56] 1/d . Moreover, a “clean” SFS junction
has a non-sinusoidal CPR, and its second harmonics j, < 0 in some regions of
dr far from O-7 transitions that can effectively help to satisfy the conditions for
the realization of a ¢ junction. It was shown in different models that the second
harmonic j,(dF) decays and oscillates with dr twice faster than j; (dF). Therefore,
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it is reasonable to take an F-layer with dr, and dF, of the order of a few &,. Usually,
& = vp/2E, where vp is the Fermi velocity and E is the exchange magnetic
energy in the ferromagnet [57,69, 71]. It was established experimentally, that for
pure ferromagnetic metals &, is largest for Ni [72-75]. Higher harmonics also decay
rapidly with increasing temperature [57,76]. We have also checked this statement
for models described in [55,56,59]. It is clear that by approaching 7, from below the
superconducting gap A — 0, equations become linear and their simple exponential
solutions yield only a sinusoidal CPR. Therefore, the most promising strategy for
realizing a ¢ junction is to use a pure SES junction with a thin Ni layer at low
temperature (< 0.17;). The model describing the Josephson effect in such junctions
was established long ago [55, 56]. It is based on the solution of the Eilenberger
equations.

If the ferromagnetic film has a perpendicular magnetic anisotropy (i.e. if the
ferromagnetic film has no in-plane magnetization in the ground state due to an
easy axis of magnetization perpendicular to the junction plane), we can ignore the
influence of the magnetization of the barrier on the phase difference, because the
phase gradient is a consequence of the in-plane component of the magnetic field. We
can neglect this effect also in the case, when the size /; of magnetic domains in the
F-layer &1, < I < Aj. The corresponding phase variations would be much shorter
in space than for the considered short-range phase, and their contribution would be
of the order of l;/AZJ & LyLy/A%, by our assumption L, ~ L, ~ A;. Andreev
bound states (in the “clean” limit) or a triplet pairing may arise in the area of
domain walls and produce a long-range triplet component of the Josephson current
[44, 77]. These triplet components have usually not a significant value for small
values of dp ~ &£1,, where the usual singlet current is essential. The experiment
[70] with Nb/Cu-Ni/Nb junctions demonstrated an absence of a significant influence
of a domain structure on the CPR for multi-domain samples [78] (see the classical
Fraunhofer dependence in Fig. 3 of [70]).

What is the measurable critical current density J¢ (maximum supercurrent) of a
Josephson junction with a non-sinusoidal CPR? It is not anymore |j;| = |j(7/2)|
as follows from (6.6), but the local maximum of the expression (6.29) with respect
to ¢. Note that (6.29) may allow several local extrema in the interval [0, 27r).

Figure 6.14a shows the three first harmonics vs F-layer thickness and Fig. 6.14b
shows the corresponding J¢ (dr) for the model of an SFS junction as described in
[55,56] (see also [57]). It is interesting to note, that near a 0—m transition, when
the first harmonic is small, j(¢) may have two different local maxima, and the
measurable J¢ (dF) has two different values J¢i, |Je2| depending on the initial
state of the junction [41] (see Fig.6.14b). An example of a CPR j(¢) with two
different maxima and the corresponding Josephson energy Ej(¢) (6.28) near a 0—
7 transition are presented in Fig. 6.14b(inset). Thus, even for a uniform Josephson
junction (where the @-ground state is impossible) close to a O—n transition, two
different values of critical current density could be realized if its CPR differs enough
from the sinusoidal one.

In the framework of the clean SFS junction model [55, 56], we investigate
a multifacet junction with L, = L, = A; < Ay. For A;, we take the value
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Fig. 6.14 Properties of a uniform SFS Josephson junction in the “clean® limit at 7 = 0.17,:
(a) amplitudes of the first three harmonics jj, j,, j3 of (6.29) as a function of the ferromagnet
thickness dr. (b) measurable critical current densities J¢; and |Jc2| vs d g, which are realized at
the phase 0 < ¢ < w and 7 < ¢ < 27, respectively. Inset shows for dp = 0.5, the CPR j(¢)
from (3) in [55,56] (dashed line) and from the approximation by the first 3 harmonics (dotted line),
with the corresponding E;(¢p) dependence (solid line). For comparison, in (b) the critical current
| j1(dF)| of a junction with only the first harmonic in the CPR is also shown. Here, pairs of points
(connected by arcs), where ji(dr,) = —ji(dF,) correspond to a ¢ ground state of a multifacet
SFS junction with alternating thicknesses dr,. dr (see areas 1,2,3 in Fig. 6.15a)

corresponding to the first minimum of j; at dp & &, see Fig. 6.14a. For clean SFS
junctions, this value is [74] ~ 10kA/ cm?, which corresponds to A; &~ 3 um and
which allows to realize L, ~ L;, with reasonable precision. Below we investigate
the ground states in a Josephson junction with alternating regions of length L,, L,
and F-layer thicknesses dr, and dr varying from O to a few &,.

The ground state corresponds to a local minimum of the energy (6.28) with the
CPR (6.44). The junction has a stable static solution v = 0 (0-phase) if

N N+1-n
Yo nln)—e Y nk8judji | >0, 6.51)
n=1 k=1

and the solution ¥ = & (w-phase) if
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N N+1—n
> [n ()= Y (—1)"+knk8j,,8jkj| > 0. (6.52)

n=1 k=1

For the CPR (6.49), these conditions have the following form: For the 0-phase

Ji+2J,+3J34+4J,4 >0, (6.53)
and for the -phase
Jy—2J,+3J3—4J, <O. (6.54)
Both solutions ¥ = 0 and ¥ = m coexist when these conditions are satisfied
simultaneously, i.e.
20, +4J4 > |J1 + 3J3| . (6.55)

If both conditions (6.53) and (6.54) are not satisfied, that is
20, +4Jy < —|Jy + 33, (6.56)

only the ¢ ground state is possible. The conditions (6.53)—(6.56) coincide with
the conditions (6.20) if J3 = J4 = 0. Generally, the ¢ junction is realized if the
Josephson energy E () (6.28) has a local minimum, i.e., if the CPR J(¥) (6.49)
crosses J = 0 from a negative to a positive value at some point Y = ¢ # 0, 7.
This is the case if the equation (obtained from J(¥) = 0 in (6.49) and excluding
sin ¥ as it gives ¥ = 0, 7 not interesting now)

8Jut° +4L3t> + QL —4J)t +J1 — J3 =0 (6.57)

has at least one real solution ¢t = cos ¥, satisfying the conditions |f| < 1 (which
gives 0 < || < m), and

aJ
P 32J4t* 4 120387 + (44, — 32412

+ (J1 = 9J3)t —2J5 + 44 > 0, (6.58)

(also obtained from (6.49)) that ensures the local minimum of E; (). Starting from
a pair of dp,, dr, we calculate J;_4. Then from (6.53) to (6.58), the possible
ground states are identified. The resulting phase diagram is shown in Fig.6.15,
where different ground states for each pair of dp,, dr, are shown by different
colors.

Figure 6.15a shows the results obtained if only the first intrinsic harmonic is
taken into account. Here, the areas of 0 and 7 ground state phase are separated
by slim regions of ¢ phase. It is clear that the phase diagram is symmetric with
respect to the line dp, = dpy. Therefore, below, without losing generality, we
focus on the case dp, > dpyp. In the chosen interval of thicknesses, there are
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Ferromagnetic layer thickness d . JE Ferromagnetic layer thickness d, Ea/éz

Fig. 6.15 Ground states scheme for the multifacet SFS junction with F-layer thickness periodi-
cally changing between dr, and dp, plotted on the (dr,, dr ;) plane. The values of the ground
state phase corresponding to each region are shown, and the areas S, for some of the different ¢
ground state regions are also indicated. In (a), the calculation includes only the first harmonics in
every uniform part, that is, two generated harmonics. The ¢ — regions 1,2 and 3 in (a) correspond
to the pairs of dr, and df, that are shown by arcs in Fig. 6.14b. In (b), the first 3 harmonics
and the corresponding 4 generated harmonics are taken into account, see (6.49) and (6.50). The
dependence E () for points A,B,C,D is shown in Fig. 6.16

3 areas of ¢ phase, marked as 1, 2 and 3. In these areas ji(dr,) ~ —ji(drp),
which corresponds to the pairs of dr, and dr; shown in Fig. 6.14b as 1, 2 and 3.
If dr, and dr are not well controllable, the area S, of ¢ regions is proportional
to the probability of the ¢ junction realization. For all three different cases shown
in Fig. 6.15a S,, is rather small (<0.025£2). Hence, one has to control df, and d,
extremely precisely to realize a ¢ junction. In the case of a “dirty” SFS junction,
when ji(dF) decays exponentially, the area S, is even smaller, and the probability
to fabricate a ¢-junction is vanishing.

However, if we take into account a non-sinusoidal CPR for the “clean” SFS
junction, the areas of the ¢ ground state become much larger, as can be seen in
Fig.6.15b. This is a consequence of the fact that the intrinsic second harmonic
j2(dF) <0 in the corresponding regions, which efficiently helps to make the
absolute value of the generated second harmonic large enough.

In particular, the areas 2 and 3 from Fig. 6.15a merge and form a compact ¢
ground state region with area S, ~ 0.6522 around dp, ~ 2.8& and dp), ~ 1.4&,.
This region seems to be very well suited for the experimental realization of a
@ junction, as it does not demand to produce an extremely thin F-layer and at
the same time allows for reasonably large tolerances in sample fabrication. Taking
the ferromagnetic coherence length & ~ 1.2nm from experiments [73, 74], the
linear size of the ¢ region in Fig.6.15b is Adr, ~ Adpp ~ 0.5...1 nm. Modern
technology allows the control of d with such precision [11,79, 80].
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Fig. 6.16 Josephson energy
E;(¥) of multifacet SFS
junctions for different
combinations of F-layer
thicknesses dr, and dr, as
indicated by points A,B,C
and D in Fig. 6.15b. A and D
correspond to the ¢ ground
state; B corresponds to two
stable states 77 and ¢; and C
corresponds to two stable
states 0 and ¢

J

Josephson energy E (), [arb. units]

|
1 T
1

Averaged phase v/t

Finally, we note that the structure considered here may have simultaneously two
different stable static solutions: 0 and 7, 0 and ¢, or & and ¢, as can be seen in
Fig. 6.15b. The corresponding E; () curves are presented in Fig. 6.16, where one
can see several local minima of the Josephson energy as a function of the phase.
Probably, taking into account the next harmonics, it is also possible to find two
different ¢ ground states. However, we expect the corresponding regions within the
dFrq,dFp plane to be so small that it will be quite hard to fabricate such a structure.

6.4 Conclusion

In the framework of the microscopic model based on the linearized Usadel
equations, we have found that a step-like interface transparency inside SIFS and
SIFNS JJs leads to oscillations of the critical current density J¢(y) along the
junction for dp close to the O—m transition value d?:”. This, in turn, results in
the formation of a non-uniform 0—m nano-junction with characteristic length of the
order of the ferromagnet coherence length &7 for the SIFS JJ. For the SIFNS or
SINFS structures, the nano-junction size is £y > &F.

The existence of this O—z nano-junction inside the structure leads to an unusual
dependence of the maximum supercurrent /i, on the external magnetic field H.
If the junction is close to the O—r transition, i.e. dr ~ dg'”, so that J¢(y) — 0,
|y — L/2| > max{éF, &y}, then the I, (H) dependence is very different from the
usual Fraunhofer pattern. I, increases with H up to a certain value which may be
very large. This value depends on the size of the nano-junction (§y or £r).

The reasonably large size (~ &y ) of the 0—m nano-junction in the SIFNS structure
makes it possible to fabricate a JJ with periodic step-like changes of the NS interface
transparency. Inax (H ) in such a JJ may have additional oscillations and sharp peaks.
Three relevant scales (the length of the array, the length of every region with constant
transparency, and the length of the J¢ (y) non-uniformity) define three oscillation
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periods on I, (H). These peculiarities are still present also far from the 0-x
transition and allow to fabricate SQIF-like structures containing a ferromagnetic
layer.

We propose a feasible method to realize a ¢ junction, that is with the Josephson
phase ¢ # 0 or 7 in the ground state, based on SFS junctions. In a uniform SFS
Josephson junction near a 0—7 transition (with appropriate F-layer thickness dr),
the first harmonic j; — 0, while the second harmonic j, dominates, however
usually with positive sign (j> > 0), which excludes the formation of a ¢ ground
state. Instead, the main idea of the method used here to make a ¢ junction is
the following. We choose a thickness d where the second harmonic is large and
negative. To cancel the first harmonic, we use a periodic step-like modulation of
the F-layer thickness between dr, and dry. Here, dr, and drj are chosen such
that for both of them the second harmonic is negative, while the first harmonic is
Ji(dra) ~ —ji(dFp). Periodic modulation not only cancels the first harmonic but
also generates an additional negative second harmonic for the average phase. This
effect can be made stronger if one works with a “clean” ferromagnetic barrier (with
intrinsic negative second harmonic in the CPR) and uses alternating regions of equal
length L, ~ L ~ Aj.

Different mechanisms, leading to a significantly non-sinusoidal current—phase
relation of SFS junctions are analyzed. A CPR mostly different from the sinusoidal
one is obtained for a “clean” SFS junction at low temperature. In this case, there
are reasonably large regions of thicknesses dr, and dp; (in comparison with
the description taking into account only the first harmonic), where the multifacet
Josephson junction has a @-ground state. Moreover, for some values of dr, and
dF such structures may have two different ground states (two local minima of the
Josephson energy as a function of the phase): 0 and =, 0 and ¢, or 7 and ¢. Our
analysis gives some practical recommendations for the fabrication of SFS junctions
with arbitrary phase shifts ¢ in the ground state.
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Chapter 7
Josephson Effect in SENS Josephson Junctions

T.Yu. Karminskaya, M.Yu. Kupriyanov, A.A. Golubov, and A.S. Sidorenko

Abstract The critical current, Ic, of Josephson junctions both in ramp-type
(S-FN-S) and in overlap (SNF-FN-FNS, SN-FN-NS, SNF-N-FNS) geometries has
been calculated in the frame of linearized Usadel equations (S—superconductor,
F—ferromagnetic, N-normal metal). For the ramp-type structures, in which S elec-
trodes contact directly the end walls of FN bilayer, it is shown that /¢ may exhibit
damping oscillations as a function of both the distance L between superconductors
and thicknesses dg n of ferromagnetic and normal layers. The conditions have been
determined under which the decay length and period of oscillation of /(L) at fixed
dr are of the order of decay length of superconducting correlations in the N metal,
&N, that is much larger than in F film. In overlap configurations, in which S films are
placed on the top of NF bilayer, the studied junctions have complex SNF or SN elec-
trodes (N or NF bilayer are situated under a superconductor). We demonstrate that in
these geometries the critical current can exceed that in ramp-type junctions. Based
on these results, the choice of the most practically applicable geometry is discussed.

7.1 Introduction

The existence of the oscillatory dependence of the critical current on the distance
between superconducting electrodes reliably confirmed in a number of experiments
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using a variety of ferromagnetic materials and the types of Josephson junctions
[1-16]. Promising use of & transitions, for which the critical current has a negative
value, has been discussed in [17-21] for the implementation of qubits and for
superconducting electronics. However, all these structures have some significant
drawbacks, limiting their application.

The first of them is the smallness of the characteristic scale penetration of
superconductivity in a ferromagnet. Indeed, analysis existing experimental data
[1-16] shows that the value of exchange energy, H in ferromagnetic materials
scales in between 850 and 2,300 K. Such large values of H lead to effective decay
length, £p; &~ 1.2-4.6 nm, and period of oscillations, £, & 0.3-2 nm, of thickness
dependence of an SFS junction critical current, /¢. These values turned out to be
much smaller compared to the decay length, £y &~ 10-100nm, in similar SNS
structures. This fact makes it difficult to fabricate SFS junctions with reproducible
parameters. It also leads to suppression of /¢ Ry product, thus limiting the cutoff
frequency of the junctions. Since a search of exotic ferromagnetic materials with
smaller value of H is challenging problem [16], one has to seek for another
solutions.

Possible way to increase the decay length in a ferromagnetic barrier is the use of
long-range proximity effect due to induced spin-triplet superconductivity [26-53]
in structures with nonuniform magnetization. If magnetization of a ferromagnetic
barrier is homogeneous, then only singlet component and triplet component with
projection S, = 0 of the total Cooper-pair spin are induced in the F region. These
superconducting correlations are short-ranged, that is they extend into the F layer
over a short distance of the order of £y = /Dp/H in the diffusive case.
However, in the case of inhomogeneous magnetization, for example in the presence
of magnetic domain walls or in SF multilayer with noncollinear directions of
magnetization of different F layers, a long-range triplet component (LRTC) with
S, = =1 may appear. It decays into F region over distance & = /Dr/2nT¢
(here T¢ is the critical temperature of S layer), which is by the factor / H/2n T,
larger than £ . The latter property might lead to the long-range effects observed in
some experiments [27,28].

The transformation of decay length from &p; to £F might also take place in a
vicinity of a domain wall even without generation of an odd triplet component
[29-37]. This enhancement depends on an effective exchange field, which is
determined by thicknesses and exchange fields of the neighboring domains. If a
sharp domain wall is parallel [33, 36] or perpendicular to SF interface [37] and
the thickness of ferromagnetic layers, dy < &py, then for antiparallel direction of
magnetization the exchange field effectively averages out, and the decay length of
superconducting correlations becomes close to that of a single nonmagnetic N metal
& = /DF/2nTc. It should be mentioned that for typical ferromagnetic materials
& is still small compared to decay length £y = 100 nm of high conductivity metals
such as Au, Cu, or Ag. This difference can be understood if one takes into account
at least two factors. The first of them is that typical values of Fermi velocities in
ferromagnetic materials (see, e.g., the analysis of experimental data done in [13, 14])
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are of the order of 2 x 10° m/s, about an order of magnitude smaller than in high
conductivity metals. The second factor is rather small electron mean free path in
ferromagnets, especially in alloys such as CuNi, PtNi, etc.

In this work, research has focused on finding solutions to eliminate the above-
stated deficiencies in SFS Josephson junctions with traditional geometry. To this
end, new types of SFS Josephson junctions were suggested in which the weak
links composed from NF multilayer structure. This work was aimed at carrying out
theoretical studies of processes in these structures and the proof of the fundamental
features such as extending the period of oscillation and the scale of the decay of the
critical current to values of about &y .

7.2 Effective Decrease in the Exchange Energy in S-(FN)S
Josephson Structures

7.2.1 Structure of S-FN-S Junction and its Mathematical
Description

We consider S-FN-S Josephson junction (Fig.7.1) that consists of two massive
superconducting electrodes connected to end-walls of a bilayer NF structure. The
width of F layer is dp and of N layer is dy. It is suggested that the dirty limit
conditions are satisfied in the N and F materials, and exchange energy H = 0 in the
normal metal. We will consider that NF interface has finite transparency and that
N and F metals have different transport parameters. The origin of the coordinate
system is in the middle of the structure and the x- and y-axes are perpendicular and
parallel to the NF interface, respectively (Fig.7.1).

It is suggested that the structure is completely symmetric and the suppression
parameters ygn = RpnAsn/pnén and ygr = RprApr/pr&F, characterizing the
NS and FS interfaces, respectively, are large:

psés
pnEN

¥YBN > max { 1,

}, VBF > max{l, Psts },

PFEF

so that the suppression of superconductivity in S electrodes can be disregarded.
Here, Rgn, Rpr and Agn, Agp are the resistance and area of the SN (SF) inter-
face, respectively, ps, pr.py and &5 = (Ds/2nTc)V?, & = (Dr/2nTc)'?,
Ev = (Dy/2nTc)'/? are the resistivities and coherence lengths of the materials,

dy N
de|] F 7

Fig. 7.1 Structure of S-FN-S
Josephson junction
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respectively; Dg y r are the diffusion coefficients of the respective materials; and
Tc is the critical temperature of the superconducting electrodes.

Under the above assumptions, it can be suggested that the Green’s functions Gg
and &y in superconducting electrodes are equal to their equilibrium values Gg =
w/Jw* + A%, &g = Aexp{ztip/2}, where A and ¢ are the absolute value and
phase difference of the order parameters of the superconducting electrodes. The
properties of the weak-link region can be described by using the linearized Usadel
equation [38]. In the @ — parameterization, they are represented in the form:

£ A PO PSR (7.1)
N ax2 8y2 NowrnoN T '
g2 A PR (1.2)
Pl ax? 8y2 U '

where w = Tnw(2n + 1) are the Matsubara frequencies and (n = 0, =1, +2...),
o = |w| +iH sgnw.

The boundary conditions at the SN and SF interfaces (for y = +1/2) have the
form cite [39,40]

ad .

VBN%-N@@N = £GgAexp{=tip/2}, (7.3)
0 7] .

yerEF — @ = £—GsAexp{zip/2}. (7.4)
dy |o]

The boundary conditions at the FN interface (for x = 0) have the form [39,40]:

d ad
LA T (1.5)
|w]| dx @ ox

~

0
VB%-F ¢F+<DF ﬁ@v, (7.6)

vB = RpAp/prér, v = pnEn/prEF,

where Rp and Ap are the resistance and area of the NF interface, respectively. The
conditions at the free boundaries of the weak-link region at x = dy and x = —dp

reduce to the equations

0Dp 0Dy
— =0, —— =0, 7.7
ox 0x (7.7)

which ensure the absence of the current through these boundaries.
For further simplification of the problem, the thicknesses of the F and N films are
assumed to be sufficiently small:

dy < &y, dr <E&fF (7.8)
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and the solution of the boundary value problem given by (7.1)—(7.7) is sought in the
form of the expansion in small parameters (dy /&y) and (dr/&F). This assumption
allows one to simplify the problem and to reduce two-dimensional problem to one
dimensional. In the first approximation, the functions @y and @

Dy (x,y) = A(). Pr(x,y) = B(y) (7.9)

are independent of the coordinate x. In the next approximation, taking into account
(7.7) we arrive at the expressions

|| _dN)2
¢N=A<y>+{ e A()—— <>} ATy
N
@ 9 dr)?
¢F=B(y)+{ oy ~B(y) - —B( )} w (7.11)
F

The substitution of (7.10), (7.11) into boundary conditions (7.5), (7.6) yields the
following system of two equations for the functions A(y) and B(y):

02 ) w
2 -~ A — _— =
[ép 0y? (yFnTc + 1)} BO) + 15,400 =0, (7.12)
o] 9 o]
B2 [C%VW - (VNHTC T 1)} A(y) =0, (7.13)
where
Cr = JYrér. Cn = JYNEN, (7.14)
d d
vr=yper, yy =22 (7.15)
Er Y &n

The solution of this system of equations is represented in the form
A(y) = Aycoshqy + Ay sinhg,y + Az coshgry + Aysinhg,y,

B(y) = Bycoshq,y + Bysinhq,y + Bz coshq,y + Bysinhg,y,

where coefficients are related as follows :

1 @
—=B
F

1 @
— A, ——B— A, (7.16)
o] F

||

_CNﬂI A Ba= ENEWA“

Here, the inverse coherence lengths ¢; and ¢, are the roots of the characteristic
equation
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1
qi, = E[u +v2 + \/(uz v2)? 4 4L ZzN] (7.17)
o L2, 1, 2 0 (7.18)
w=—=+-=, vV=xos+=5+is, .
vooE 0 & &k
and parameter f is:
2

, (7.19)

B =
[Lﬂ -2+ \/(u2 —2)’ + 4{;2§;{|

and 2 = |o| \nTC =w\nTc,h = H/nT¢ sgn(w).
The integration constants Aj, A, A3, A4 are determined from boundary condi-
tions (7.3), (7.4):

1—S,3 CN GsAsin(p/2)
~ yen(l+12) Engicoshg %’

(7.20)

1—Sﬂ Y0V Gs A 2
4 = N GsAcos(p/ ) (7.21)
e+ 1) Eng sinhg &

F
L+ BB Gydcos(p/2)
yee(l +k2) Epgasinhgrl

Ay = (7.22)

i HPaE G5 sindp/2) 23
)/BF(l + k) £pga coshgr &

here s = yan/yaE, K = B(Crin) .
The substitution of the solution obtained in the form of into the expression Jg
for the superconducting current

iTTApr —= 1 I , 0
Js = > 5[3“53 —B_wa—B]

2epr
inTApy o | 9 . « 0
Y 5 |Au—Ar, — AT, —A, (7.24)
2e0y — w? dy dy
w=—00

yields the sinusoidal dependence Jg = I¢ sing. It is convenient to represent the
critical current /¢ = I + I¢; as the sum of two terms:

I 2T Z GEAOT b ) (7.25)
2= - , )
? ¢ RpFyBF (1 + k2) Epqy sinh Lg,

w>0
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2xT R > G§A2w—2(1 ,BSE ;2
——Re
eRpnyen  S= (1 + k?)Enqsinh Lg;

Ici =

(7.26)

Expressions (7.25), (7.26) specify a general expression for the critical current of
the S(FN)S Josephson junctions under investigation. According to these relations,
by complete analogy with oscillatory systems with two degrees of freedom, the
S—(FN)-S structure under consideration can be characterized in terms of the partial
inverse coherence lengths u, v and the proper inverse coherence lengths gy, ¢».

The parameters {;1 and ¢y ' are the coupling constants. It is easy to see that
the amplitude distribution coefficients at the proper coherence lengths, which are
proportional to B are determined only by the material constants of the structure and
are independent of the boundary conditions at the SN and SF interfaces, respectively.
The way of current injection in the weak- link region (through the ratio ygn/ysr)
is taken into account by the coefficient s, and the subsequent redistribution of the
injected current between the F and N films is determined by the ratio yr/yn.

7.2.2 Analysis of Inverse Coherence Lengths
and Critical Current

Analysis of expressions (7.25), (7.26) for the critical current components and inverse
coherence lengths are simplified for a number of limiting cases.
In the limit of a high resistance of the FN weak-link interface

v > En. Cr > (7.27)

the coupling constants between the F and N films are small. In the first approxima-
tionin {y' and {z', the supercurrent in the structure flows through two independent
channels and formulas for /¢; and /¢, are transformed to the expressions for the
critical currents [39,41,42] that were previously obtained for two-barrier SIFIS and
SINIS junctions:

Rgrl 0 GZ AZ
e >R {—7;———é¥r————— : (7.28)
2xTc J/BFTC ~ w2Epq, sinh Lgs

eRpnlci T 53 G} A2

= - . , (7.29)
2nTc yenTc S~ @ &n gy sinh L,
where ,Q o
2 2
a3 =q .41 =4q} . (7.30)
T gt sF T g
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In the next approximation, the proper inverse coherence lengths are easily
expressed as

! E2(2 +ih)
= LRI VG L 731
Gt ot e s o) 73D
2 .
@ =3+ §p($2 +ih) (7.32)

G G w+ay

According to (7.31), (7.32) the proximity effect between the N and F films leads
to a small decrease in the effective exchange energy in the F film. The physical
meaning of these changes is obvious. An electron for a certain time can be in the N
part of the FN film of the structure. This is equivalent to the subjection of electrons
to the effective exchange energy averaged over the thickness of the FN film, which is
obviously lower than the exchange energy in the ferromagnetic part of the structure.
Changes in the damping of the superconductivity in the N film are more significant.
In this case, the exponential decrease law changes to damping oscillations. However,
their period in this approximation is much larger than &y

VB (h* + 27)
ENERD

It increases infinitely for 7 — 0 and is proportional to & for & > 2. This
means that the term /¢, in this case in the expression for the critical current is
negligibly small and /¢ ~ I¢;. In contrast to similar SNS junctions without F
films, the dependence /¢;(L) has the form of damping oscillations. This effect is
a consequence of the double proximity effect because the superposition between
the superconducting correlations induced from superconductors and spin ordering
from the ferromagnet occurs in the N film. However, the oscillation period is very
large; for this reason, the experimental observation of the transition to the 7 -state is
complicated in the case considered above.

In the opposite limiting case {F <K &p and {y < &y, strong coupling between
the F and N films occurs in the weak-link region. In this case, the inverse proper
coherence lengths are easily obtained in the form

A= 47'[%'1\/

> En. (7.33)

S S - TV S C R C R
Doen—tn = T T @ g (g Tt 1hg), (7.34)

LF
q N—CF .Q +ih=- (7.35)
2—60(¢ {r) = /52 n §2 \/ EF

where 6 — Hevecide function. From (7.34), (7.35) it follows that the ferromagnetic
film in the limit {F > ¢y additionally suppresses superconductivity induced in the
N region, so that
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+ﬁ) +ih
8§ &

8,
20363

|2 +ih 20
g = 2T SN (7.37)
& CEEN

It is seen that the coherence length and oscillation period of the term I¢; in this

case coincides in the first approximation with the respective quantities for the SFS

junctions, whereas the term /¢ in I¢; damps at lengths (Re(g;))~! ~ ¢y < &n.
In the limit { 3> {F, the processes in the N film are determining, so that

q1 = — +

1 2% (ﬁ
{n 25127

(7.36)

1 Q. Q20

= — — 7.38

17) T 1 2%2 (7.38)
Q E%?;‘zzv) Ch 2

a J 2 ( ger) Teg 739

Therefore, the term I, in the critical current decreases more sharply than
Icy. In particular, the typical damping scale for superconducting correlations is
approximately equal to £yo = &y/+/£2, whereas the effective exchange energy
decreases by a factor of ¢%/¢% < 1.

Thus, when {r < {y < &y both the damping scale and oscillation period
of I¢ (L) in the S—(FN)-S structures under consideration are much larger than the
respective values in similar SFS junctions, where the normal film is absent. This
statement is illustrated by the numerical calculation results shown in Figs. 7.2-7.6.

Re(q£ ) Imqs)

Fig. 7.2 Real and imaginary parts of inverse coherence length ¢, versus the parameter z =
(é'N/EF)Z at SN/ZN =4, EN/EF =10,T = O.STc, and h = 20, 30, 40
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Fig. 7.3 Real and imaginary parts of inverse coherence length g; versus the parameter z =
(v /tr)* atén /iy =4, En/Ep =10, T = 0.5Tc, and h = 20,40, 50

5

——¢2)¢% =50

Re(q,5)

Re(q,%,) Im(q %)

H/T,

Fig. 7.4 Real and imaginary parts of inverse coherence lengths ¢, at H/nTc, én/iy = 4,
Ex/ép =10, T = 0.5T¢, and z = (¢y /¢r)* = 50,300

Figures 7.2 and 7.3 show the real and imaginary parts of ¢, and ¢q;, respec-
tively, as functions of ({y/Cr)%, for T = 0.5T¢c, h = 20,30,40 and &y =
10éF and &y = 4Cy. it is seen that for & = 30 Im(g,&y) has maximum at
(¢n/Cr)? ~ 300. The oscillation period of the critical current near this maximum
is A =2m(Im(q2)"" ~ 1.57&y, and its damping length is (Re(q2))™" ~ 0.4&y.
The damping scale of the second term in the expression for the critical current is
(Re(g2))™' ~ 0.014£y, which is two orders of magnitude smaller. Such strong
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Fig. 7.5 Normalized value of part of critical current /¢ versus the distance L /&y between the
superconducting electrodes for i = 30, éy /¢y = 4, ény/EF = 10, T = 0.5T¢, s = 1, and
z= (v /¢r)* = 100, 300, 1,000, 10,000
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Fig. 7.6 Normalized value of part of critical current /¢, of the critical current versus the distance
L /&y between the superconducting electrodes for h = 30, &y /¢y = 4,6 /6 = 10, T = 0.5T¢,
s=1,and z = ({y/¢F)? = 1,10,100, 1,000

difference between the damping lengths allows observation of the transition to the
7 state in the structures, where the distance between the electrodes is an order of
magnitude larger than that in the available structures.

Figure 7.4 shows dependences of real and imaginary parts of ¢; on exchange
energy for parameter z = 50,300. At small H critical current decrease without
oscillations. With H increase, the period of oscillations is decreased. It is seen



182 T.Yu. Karminskaya et al.

that the imaginary part of ¢; has a maximum as function exchange energy and,
with increase of z this maximum moves toward large values of H. The value of
this maximum increases with growth of z, and at z ~ 50 leaves on saturation.
Simultaneously, the damping length decreases with increase of H.

Figures 7.5 and 7.6 show the critical current components /¢ and /¢ as functions
of the distance L between electrodes for T = 0.57¢ and various values of the
parameter z = (¢ /CF)>.

It is easy to see that the component /¢ at the given parameters decreases sharply
with an increase in L and, in agreement with expectations, its contribution to /¢ is
negligibly small already at L =~ 0.5, that is, long before the appearance of the
first minimum in I¢,. It is interesting that the oscillation period in I¢ ~ Ic; is a
nonmonotonic function of the parameter z. It has the minimum at z ~ 300.

7.3 Josephson Effect in S-FN-S Structures with Arbitrary
Thickness of Ferromagnetic and Normal Layers

The results obtained in previous section are essentially based on the assumption
that the thicknesses, dy, df, are small compared to their decay lengths. In real
structures, the requirement dy << £y can be easily fulfilled, while the inequality
dr < & is difficult to achieve due to the smallness of £ and finite roughness of
NF interfaces. Therefore, the solution of two-dimensional problem is needed. The
structures with two-dimensional geometry were examined in [37] for two-domain
junction, in [43,44] for multidomain SF structures, and in [45] for junction with
helicoidal spin modulation.

It is worth to note that the solution of two-dimensional problem arising in the “in
plane” geometry, when the domain wall is perpendicular to SF interface [32,37],
is simplified by a natural for this problem suggestion that domain walls consist of
materials differing only by the direction of their magnetization. In this section, we
will discuss properties of an S-FN-S junction beyond the limits of small F and N
film thicknesses for two dimensional geometry.

We will solve system of 2-dimensional linearized Usadel equations (7.1), (7.2)
with boundary conditions (7.3)—(7.6). In this section, we consider that the origin of
coordinate axis y is on left interface between S electrode and F and N film. It is
convenient to write the general solution of the boundary value problem in the form:

[e.e]

~L

Py (x,y) = Ddn(y) + n;w A, (x) cos % (7.40)
> —L

Dr(x,y) = Pr(y) + n;oo B, (x) cos %) (7.41)

where @y (y) and @r(y) are asymptotic solutions of (7.40), (7.41) at the distance
far from FN interface
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L2y (p L—2y
GeA [ cos%cosh isin % sinh
Py (y) = —= ( 2 Hva Zve | (7.42)

vV 2y8N sinh _Zész - cosh zsL -
o L=2y <p L—2y
VRGeA [cos £ cosh isin £ sinh
. ( . Era Xre ) (7.43)

2y sinh 25% cosh 25%

Dr(y) =

where Eyo = éN/«/ﬁ, Ero = %-F/\/E while functions A4, (x) and B,(x) are
solutions of appropriate one-dimensional boundary problem. The details of A, (x)
and B, (x) determination are given in Appendix.

Substitution of the expressions (7.40), (7.41) into formula for the supercurrent,
I, after routine calculations and several simplifications presented in Appendix in
the most interesting from the practical point of view situation is when

H > nTc, & < &y, (7.44)

results in sinusoidal dependence /s = I¢ sin ¢, where

2T dy W i GZA?

Ic = — —_, (7.45)
e & yagnon S @?qéy sinh(gL)
and inverse coherence length is given by
1 V2
il Y + Q. (7.46)

4= 1|5 = =
v | dn )/B\/E+coth{‘;—§\/§}

It is necessary to note that in general the expression for the critical current
except summation over @ contains also summation over infinite number of inverse
coherence length, which are the eigenvalues of boundary problem. As it is followed
from estimations given in Appendix under the restrictions on the distance L between
superconductors

1
L >> Re (— arctanh ) (7.47)
q YBNgGE N
and on thickness of the N layer
2 dn
Sk << — <<, (7.48)
nhéy En

where

\/)/123 + ypvV2h1 —i—h—l,d—F >> 1//h,

]7:
i+ omiE bt <</ Vh

==

(7.49)

X =
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and h = H/nT¢ the main contribution to /¢ comes from the item corresponding
to the first eigenvalue, g, which is given by expression (7.46) and for /¢ one can get
formula (7.45).

It is necessary to point out that the experimentally studied parameters such as
decay length of /¢ as a function of L and period of /¢ oscillations should be mainly
controlled by the real and imaginary parts of inverse coherence length ¢ calculated
atw =nT.

Below here will be detailed examination of behavior of inverse coherence
length g as a functions of geometrical and transport parameters of weak link. The
calculated dependencies do not only provide the knowledge, which is necessary to
take into account for design of S-FNF-S structures with input properties, but also
will be useful for understanding the features of /¢ (L, dr) dependencies.

7.3.1 Properties of Inverse Coherence Length q

In the limit of thin F film df /&r << 1/~/h expression (7.46) for ¢ transforms into
result obtained in previous Section in the limit {y >> (p:

2 (P @) + Q8 +ihE}

q° = — , (7.50)
B NCE(R + (EREE + 2)7)
where (7 = ypdr/Er. {y = yedn/(EnY).
In the opposite case dr /EF >> 1/+/h from (7.46), we get
q:L\/QJFE_N), h i1+ Vaysvh (7.51)
En dy " V2 Vhyp(V2 + ypvh) + 1

At temperature 7T = 0.57¢, the main contribution into the critical current is
provided by the term corresponding to the first Matsubara frequency (n = 0). For
this reason here, we will study the properties of inverse coherence lengths g for
£2 = 0.5 that is the value of §2 for (n = 0) and T/ T¢ = 0.5.

In Figs.7.7 and 7.8, solid curves show the real and imaginary parts of inverse
coherence lengths ¢ as a function of dr /&F calculated from (7.46) for two ratios of
normal film thickness dy /éy = 0.01 and dy /&y = 0.1.

The dotted lines in these figures are the same dependencies, which are followed
from asymptotic formula (7.50). All calculations were done for a set of parameters
En/Er =10,y = 0.03, yp = 0.2, h = 30, which provide the maximum value for
imaginary part of g at dr /ér = 0.1, dy/éy = 0.0l and dy /Ey = 0.1.

It is clearly seen that the solid and dotted curves are in close agreement for
dr/ér < 0.1. At dp/ér Z 0.4, the inverse coherence length starts to be
practically independent of dr reaching the value determined by (7.51). This fact
is very important from practical point of view. It says that the parameters of
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Fig. 7.7 Real part of ¢ versus the thickness of F film dr /&F for two values of dy /éy = 0.1,0.01
(solid lines for q calculated from (7.46), dotted lines for g calculated from formula for thin films,
dashed lines correspond to the limit oh thick F film (7.51) ) at £y /& = 10, 2 = 0.5, h = 30,
yp = 0.2,y =0.03
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Fig. 7.8 Imaginary part of ¢ versus the thickness of F film dr/&F for two values of dy /Ey =
0.1,0.01 (solid lines for g calculated from (7.46), dotted lines for g calculated from formula for
thin films, dashed lines correspond to the limit oh thick F film (7.51)) at £y /& = 10, 2 = 0.5,
h =30,y =0.2,y =0.03

S-EN-S junctions do not deteriorate with increase of dr (see the dashed lines in
Figs.7.7, 7.8). Moreover, imaginary parts of ¢ become very robust against the
fluctuation of ferromagnetic film thickness in the practically important interval
dr/&r Z 0.4. From Figs.7.7, 7.8, one can also see that taking into account finite
value of thicknesses of films leads to some increase of decay length.

In Fig.7.9, solid and dotted lines show the real and imaginary parts of inverse
coherence length g as function of dy/&y calculated from (7.46) and (7.50),

respectively, for two ratio of ferromagnetic film thickness dr/&r = 0.1 and
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Fig. 7.9 Imaginary part of g versus the thickness of N film dy /&y for two values of dp /EF =
0.1, 1 (solid lines for g calculated from (7.46) and dotted lines for g calculated from formula for
thin films [48]) at &y /& = 10, 2 = 0.5, h = 30, yp = 0.2, y = 0.03. Inset shows real part of
q versus the thickness of N film dy /&y at the same parameters
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Fig. 7.10 Real and imaginary parts of ¢ versus the parameter y (solid lines for g calculated from
(7.46) and dotted lines for ¢ calculated from formula for thin films [48]) at £y /& = 10, 2 = 0.5,
h = 30, dr/éF = 0.5, dy/Ey = 0.05 and yg = 0.1. Inset shows the same dependence at
yp = 0.01 and the same other parameters

dr/&r = 1 and at the same set of other parameters (§y/&r = 10,y = 0.03,yp =
0.2, =0.5,h = 30).

From the data, it follows that an increase of thickness of normal film leads to
an increase of period of oscillations, which tends to infinity at large dx . The decay
length also increases with dy and for dr/ér = 0.1 it practically approaches the
value £y / V82 , that is the decay length of the single normal film.

Figures 7.10 and 7.11 show the real and imaginary parts of inverse coherence
lengths ¢ as a function of y and yp calculated at dy /&y = 0.05 for Ex/EFp = 10,
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Fig. 7.11 Real and imaginary parts of ¢ versus the parameter yp (solid lines for g calculated from
(7.46) and dotted lines for g calculated from formula for thin films) at £y /& = 10, 2 = 0.5,
h =30,dr/éF = 0.5, dy/Ey = 0.05 and two values of y = 0.1, 0.03
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Fig. 7.12 Real and imaginary parts of ¢ versus the thickness of F film dp/ér for yp =
0.2,0.1,0.01 (solid, dashed, and dotted lines) at £y /& = 10, 2 = 0.5, h = 30, y = 0.03,
dy/Enx = 0.05. Inset shows the same dependence for h = 5

£2 = 0.5, h = 30.In Fig.7.10, yp = 0.1 and inset shows the same dependencies
calculated for yp = 0.01. In Fig.7.11, y = 0.1, 0.03.

There is significant discrepancy between the curves calculated from the general
expression (7.46) for g and from asymptotic dependence (7.50) for ¢q. This
discrepancy the larger the smaller is the suppression parameter yp. This result is
obvious since the expression (7.50) is not valid at small y 5. From direct comparison
of the curves, we can conclude that in practically important range of y 2 0.1 within
the accuracy of 20% we may use the results of previous Section.

Figure 7.12 shows the dependencies of real and imaginary parts of g upon
thickness of F film calculated for &y /& = 10, 2 = 0.5, h = 30, y = 0.03,
dy/Eny = 0.05 and the set of parameters yp = 0.2,0.1,0.01 (solid lines, dashed
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lines, dotted lines, respectively). Inset in this figure shows the same dependencies
obtained for smaller value of exchange energy & = 5. It is clearly seen that Im(g)
has a maximum as a function of dr/&p. The position of the maximum shifts to
larger F layer thickness with yp decrease. At yp = 0.2, the maximum of imaginary
part has the value max(Im(g)) & 0.5&y, which is achieved at dr/&ér =~ 0.1. For
smaller suppression parameters yp = 0.1 (yp = 0.01), the maximum of imaginary
partequals to Im(q) ~ 2/3&r (max(Im(g)) ~ &) and is achieved at dp /EF ~ 0.13
and dr/ép =~ 0.2, respectively. Inset in Fig.7.12 also demonstrates that both
position of the maximum of Im(g) and its absolute value depend on exchange
energy h. Decrease of / shifts max(Im(q)) to larger ratio dr /& and simultaneously
suppresses the value of this maximum. From the structure of expression (7.46) for
q, it follows that its imaginary part Im(g) has a maximum as a function of exchange
energy h. Indeed, at h — 0 the period of /¢ (L) oscillation tends to infinity, which
is equivalent to Im(g) — 0. At large &, the imaginary part Im(g) o< h~'/2, that is
also goes to zero with & increase. At dp/ér 2 0.4 both Im(g) and Re(g) saturate
and practically become independent on F layer thickness.

Figure 7.13 shows the dependence of Im(g)/ Re(q) as a function of dp/&F.
The calculations have been done for yg = 0.01, &y /& = 10, 2 = 0.5, and for
two values of suppression parameter y = 0.03 (solid line), y = 0.1 (dotted
line). The values of exchange energy & have been equal to 10 and 30, as it is
marked in Fig.7.13 by arrows. The curves presented in Fig.7.13 can be also
used for minimization of period of /¢ oscillations. Actually, the maximum of ratio
Im(q)/ Re(g) corresponds to the minimum decay per one period. It is obvious that
this maximum is located near maximum of Im g. Therefore, the position of this
maximum shifts to smaller dr with increase of exchange energy or suppression
parameter .

If we want to fix the value of max(Img) in the vicinity of £y and to shift
this maximum to the largest dr, we should choose suppression parameter yp in
the range of 0.01 (for large dr) and perform the fitting procedure to estimate
suppression parameter y and exchange energy /. For instance, we may find that

1.0

Fig. 7.13 Ratio of imaginary
part of g to its real part versus
the thickness of F film dr /&F
for two values of

y = 0.03,0.1 (solid and
dotted lines) at

Ev/Er = 10,y5 = 0.01,
dN/‘i:N = 005, 2 = 05,
and i = 30, 10

Im(gg, )/Re(qs)
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for h = 30 maximum of Im(g) is of the order of &y and it is achieved for
y =0.03 atdp/Er ~ 0.18, while for 2 = 10, y = 0.03 the maximum is shifted to
dr/&F =~ 0.3. The smaller the exchange energy the thicker should be the thickness
of F film to get Im(g) in the range of £y. Thus for 4 = 5, y = 0.09, the maximum
is achieved at dr /EF = 0.45. From the data presented in

Figures 7.12 and 7.13, it follows that for all mentioned above sets of parameters
the ratio Im(g)/ Re(g) = 0.6 and does not exceed this value.

For thick F film d /€ >> 1/+/h, the maximum of Im(g)/Re(q) is achieved at
small yp — 0, h >> £2 and yEN/dN\/m >> (2 and this maximum relation is

Im(q)/Re(q) ~ 0.4.

7.3.2 Thickness Dependence of the Critical Current

The critical current (7.45) of the studied S-FN-S Josephson junction (see Fig. 7.14)
is a function of two arguments. They are the distance between superconducting
electrodes L /&y and the thickness of ferromagnetic film dr /&F. The dependence of
Ic(L/én,dF/EF) has shown in Fig. 7.14. It has been calculated from (7.45), (7.46)
forh =10,dy/Ey = 0.05, Yy = 0.01, y = 0.03, ygr/yen = land T = 0.5T¢.
In the limit dr — 0 period of critical current oscillations tends to infinity (see
Fig.7.14) and /¢ decays monotonically with L, as it must be for SNS Josephson
junctions. With dF, increase (see Fig.7.15) the dependence of critical current as
a function of L/&y has the form of damped oscillations. The decay length of

Fig. 7.14 Normalized absolute value of critical current versus the thickness of F film dr/&p and
distance between the superconducting electrodes L/&y for y = 0.03,yp = 0.01, &y /éF =
10, dN/‘i:N = 005, h = 10, VBN/VBF = 1, T = OSTC
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o/ 22TW)

Fig. 7.15 Normalized absolute value of critical current versus the distance between electrodes
L/&y fory = 0.03,yp = 0.01,&x/6F = 10,dy /Ey = 0.05,h = 10, ygn/yer = 1, T = 0.5T¢
for several thicknesses of F film dr /& = 0.05,0.3, 0.6, 1. Insert shows the same dependence for
dr/ér = 1.5,1.8,2,2.2.

these oscillations is different for different thickness of F film. The most intensive
suppression is localized in the vicinity of dr/&r &~ 0.6 since Re(g) has maximum
at this thickness of F layer. It is seen that the suppression of /¢ is smaller for
thicker (dr > 0.6£p) and thinner (dr < 0.6&p) F films. Period of I¢ oscillations
decreases with df achieving the smallest value at dr /EF =~ 0.3. Further increase of
dF results in increase of this period. Finally in the range of thickness dr/ér > 0.5
both period of /¢ oscillations and decay length are nearly constant. In the interval
of F layer thickness dr/Er = 1, the position of zeros of I¢(L,dr) undergoes
oscillations as a function of dr (see insert in Fig.7.15). They take place around
values L. = L,,, under which I¢(L,,dF) = 0 at dr > &p. The amplitude of these
oscillations decays with increase of dr. It is interesting to mention that the larger
is L,, the more intensive are the amplitudes of the oscillations. This behavior can
be easily understood from the form of ¢(dr) dependence (7.46). In the vicinity
of L = L,, the critical current is small due to the O-7 transition of /¢ as a
function of L. Under this condition, any small variations of g, which occur due to

factor coth (d F \/5 /& F) in (7.46) start to be important giving rise to the discussed

Ic (L, dF) behavior.

Figure 7.16 shows the I¢ (L, dfr) dependencies calculated at fixed values of L
under 1 =10, dy /Ey =0.05, y3 =0.01, y = 0.03, ygg/yen=1,and T =0.5T¢.

In the small L domain, the properties of the S-FN-S junction do not depend on
the structure of weak link region. The critical current /¢ is practically independent
on dp, so that there is no transition from zero to 7 state on I¢(dp). With the
increase of L the /¢ (dr) dependence becomes apparent (see Fig.7.14) resulting
in suppression of /¢. This suppression is different for different thicknesses of F
film. The strongest suppression is realized in the vicinity of dr/ér =~ 0.3. This
fact is illustrated in Fig.7.16a by the line corresponding to the ratio L /&y = 1.3.
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Fig. 7.16 Normalized absolute value of critical current versus the thickness of F film dr/&F
for y =0.03,yp =0.01,&y /6 =10,dy /6y =0.05,h =10, ygn/yr = 1,T = 0.5T¢ for sev-
eral distances between the superconducting electrodes L/&y =1.3,1.67,1.8,2.6,2.8702,2.8705,
2.8729,2.95,2.95,3.5
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Fig. 7.17 (L,dF) phase diagram for S-FN-S junction at y =0.03,y5 =0.01, &y /6 = 10,
dN/‘i:N =005, h= 10, yBN/yBF = 1, T= OSTC

It is seen that at this value of L/&y the suppression of I¢ is smaller for thicker
(dr > 0.3&F) and thinner (df < 0.3&F) F films. At L/éy &~ 1.67 and dp =~ 0.3p,
the magnitude of critical current for the first time reaches zero, while the sign of /¢
does not change.

With further increase of L the L/&y, dp/EF plane starts to be subdivided
into two regions separated by the line along which the junction critical current is
equal to zero. The boundary between the regions has two branches (see Fig.7.17).
The first one is located at dr < 0.3&p. It starts from the first critical point
(La/én,dpe1/EF) =~ (1.67,0.3) and df . the smaller the larger is L. The second
branch located at dr > 0.3&p. It starts from the same critical point and for large
dF asymptotically verge toward the line L. = L; exhibiting damped oscillation
around it. As a result, any cross-section presented in Fig.7.14 dependence of
Ic(L/&y,dFr/EF) by a perpendicular to L axis plane in the region 1.67 < L /&y <
2.87 should give a dependence of /¢ (dr) having the typical shape shown by solid
line (L/&y = 1.8) in Fig.7.16a. It demonstrates that in this range of distances
between S electrodes (1.67 < L/&y < 2.87) for any given L there is a nucleation
of only one 7 state in between of two zero states in /¢ (d ) dependence. The interval
of dp in which the 7 state exists, becomes wider the larger the L. Note also that for
1.67 < L /&y < 2.87 only O-state can be realized for large dr /&F = 0.8.

The number of transitions between zero and 7 states in /¢ (dp) increases by
asymptotically approaching the line L = L. This is illustrated in Fig.7.16b. At
(L/&n = 2.6), there are still only two transitions, namely, from O-state to -state
and from 7 to zero state. At (L/éy ~ 2.8702) in the zero state domain, there is
nucleation of the next critical point at dr/éf =~ 1.7. Init I¢ = 0, while the sign of
I¢ is kept positive for all dr/&p Z 0.8. Further increase of L leads to generation
of additional s state in the vicinity of dr/ér &~ 1.7 as it is shown in Fig.7.16b
by solid line. The closer L to L; the larger is the amount of zero to 7 transitions.
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As it was already pointed above, this behavior of critical current at L /§y &~ L; is a
result of small oscillations of Im(g), which occur at large d . Note that in the region
L = L, — 0 S-FN-S junction always is in the zero state at dp — 00.

Contrary to that, for L = L 40 itis w-state that is finally established in the limit
of large dr (see the dotted line for L /&y = 2.8729 in Fig. 7.16¢). Further increase
of L leads to the reduction of thickness intervals in which the zero states exist. They
collapse one by one with L. The last stage of this process is shown in Fig. 7.16c. It
is seen that transition from (L /&y = 2.8729) to (L/Ex = 2.92) leads to reduction
of the zero state located in vicinity of dr/Er = 1. At (L/&y = 2.95) it completely
shrinks, so that /- becomes always negative at dr/Er 2 0.2. As a result in the

distance interval 3.5 < L/&y < 6.5 the typical shape of /¢ (dFr) dependence for a
fixed L has the form of the curve presented in Fig. 7.16¢ by the line calculated for
L/&y ~ 3.5. There is only one 0-7 transition, which occurs at dp/Ep ~ 0.2. It is
the first branch of the locus of point at which I¢ = O on L/&y, dfr/EF plane.

It is seen from Figs. 7.14,7.17 that at L /éy ~ 6.5 and df/EF & 0.32 there is a
nucleation of the next critical point. Again, the two branches start to propagate from
it. They produce the next boundary on L /&y, dr/&F plane, thus subdividing this
plane into three regions.

The first branch is located at dr/ér < 0.32. It propagates along L nearly
parallel to the already existing in this domain branch generated at critical point
Lo/én,dpa/ér) ~ (1.67,0.3). In the narrow zone between these branches, the
junction is in the 7 state. The second branch is located at dr > 0.32&f. Starting
from the second critical point for large df it asymptotically verges toward the line
L = L, = 10.089 exhibiting damped oscillations around it. Quantitatively, the
behavior of I¢ (L, dF) in the vicinity of L = L, and at slightly larger L is the same
as we discuss above. There is increasing number of zero to 7 transitions as soon as
L — L, —0 and the collapses of & states in the L = L, + 0 region with L increase.
Finally in the interval 10.32 < L/&y < 11.5, there are only two transitions of

Ic(dr) and at dp/éF Z 0.012 there is only zero state of the critical current.

Appendix
7.3.3 Solution of Linearized Usadel Equations

It is convenient to write the general solution of the boundary value problem in the
form

> —L
Dy(x,y) =Dv(y) + n;m Ay (x)cos %, (7.52)
Dr(x,y) = DPr(y) + Z B, (x) cos M, (7.53)

n=—0o0o
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where @y (y) and @F(y) are asymptotic solutions of (7.1), (7.2) at the distance far
from FN interface

@ L2y go L—=2y
Oy (y) = GgA [ cos 3 cosh7—= e isin 5 sinh o (7,54
N) = . L L ) .
v 2yBN sinh Yno cosh bl
L 2) (0 L2y
V2GeA [cost ‘” cosh 3 isin 5 sinh
Pr(y) = —5 > ( . . e | (755
VBF sin ZEFQ cos ZEFQ

where Eyo = En /N2, Ero = éF/\/E, while functions A4, (x) and B, (x) satisfy
the following boundary problem

2
sﬁ%An(x) —12A4,(x) =0, (7.56)
%‘F a2 B (x) = v By (x) = 0, (7.57)
Q
—gN A (0) = 5 4,(0) + B, (0) = (7.58)
2

yBEF < B1(0) + B,(0) — 5 4.(0) = (7.59)
= ngAKn (c* + (_1)%%“”) , (7.60)
iAn(dN) =0, iBn(—arp) =0. (7.61)

ox dx

Here 2 = |w|/nTc, 2 = &/nTc and

1 1
K, = _5_1; - _52, (7.62)
VBN U, VYBF Vj
2 2
mnéy wnép ~
= - 2, v, = —_— 2. 7.63
u ( T ) + v ( 7 ) + ( )
Solution of (7.56)—(7.61) has the form
R, yv, $2 cosh {x;\‘f"’ un}
Anx) = 26, sinh ‘9 ’ 769
n 3
R, u, cosh {%ﬁvn}
B,(x) = , (7.65)

inh YdE
8, sinh e



7 Josephson Effect in SENS Josephson Junctions 195

where §, is defined as:

nd nd
8y = VBVnlty + u, coth v§ £ + yv, coth Un@N (7.66)

F N

7.3.4 Calculation of Critical Current

To calculate the supercurrent across the S-FN-S junction we substitute of the
expressions (7.52)—(7.53), (7.64)—(7.66) into formula for the general formula for
supercurrent

Is(x,y) = ———— —inTW Z ~2/ |: —0F gy wFi|

w=—00

o0

_inTW 3 a)2/ [ gy wN]

w=—00

The calculations gives Is = I¢ sin ¢, where

MNaTWy & G2 |
Jo=—-"""" Z w_g Zk,-sj (7.67)

€PN oo

n dr dn/y
V@2eyydesinh = "a Q6nyhy sinh 5

and W is a width of junction in the direction perpendicular to axes Oy and Ox. The
last two items in (7.67) determine the critical current of the structures with ether
ferromagnetic (SFS) or normal (SNS) interlayers. By S; we define the ordinary and
double sums:

o0 . o0 .

nicy Uty sin 75 iy vy Sin 5

Sl = E — S2 = E - e >
VB Up Sy

n=—oo n=—oo

o0 wn o0
KUty COS 5 KnVn COS %5
S3 = E —_—, S4 = E )

e oo VO e o0 T
%)
Comln U
SS = 3 h ndr h VmdF v
nm=—o0 S1n. Er S E_F
%)
CoinVaVm
Se = Iy, (768)
. UmdN updy
— __sinh ®2%X ginh “2X
n,m=—00 En En
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Sinh (ntvm)dr Sinh Vn—vm)dF
— §r EF
v = ,
Vi + Vi Vin — Vm
sinh (up+um)dn sinh (tn —tm)dn
— EN EN
IM - k]
Up + Up Up — Uy
n sin %5+ cos 5 KKy
Cnm = s
Smbn

and coefficients k; are

\/ES%;QT[ I — —«/5&‘,2\,971

kl = A s K2 — R )
yprL?2 sinh 25% ypn L2 sinh 25%
PO 1 S S S R (7.69)
3_)/BNLzsinhL’ 4_)/ L cosh £~ )
26N e BN 26N 2
nEnEF N
b= keEv

To calculate the sums (7.68) we may use the procedure known from the theory
of functions of complex variables

> . . res( f(zx))
n=§_oo f(l’l) sm(nn/2) = E Ek m, (770)
Zoo _ .z 3 res(f (z))
. f(l’l) COS(]TH/Z) = —E k m, (771)

where res(f(zx)) is residue of function f(z) at the critical point z;. From
(7.68) it follows that there are critical points z,= =+ iL~/€2/(éym) and

7= L iL \/5/(&71), which are the roots of equations u(z) =0, and v(z) =0,
respectively. In addition there is also an infinite number of z;, which are the roots
of equation:

8(z) = 0. (7.72)

Applying the procedure (7.70)—(7.71) to calculation of (7.68) it is possible to show
that the last two terms in expression for /¢ (7.67) are exactly compensated by the
parts of these sums, which are calculated from the residue at critical points z = z,
and z = z,. Therefore critical current (7.67) can be expressed as the sum of terms
resulting from the application of the rule (7.70)—(7.71) to (7.68) at z = z.

Our analysis have shown that the value part of z; consists of a root having the
lowest real part, Z = Zmin, and the two systems of roots. In the first system, zx v,
there is an item in the real part of zx v, which at large k increase with the number
k of the root as k&y /dy, while in the second, zx f, this increase is proportional to
k&p/dr. Below we will restrict ourselves to the consideration of the limit at which
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Zmin Makes the major contribution to the junction critical current, i.e. |Zymin| << |zk|-
It can be shown that the lowest value among the roots of zx r group is achieved at

the limit of large dr and is bounded by V QL /(&F). The lowest value of second

group of the roots, zx v, is bounded by /€% /d% — $2(L/(wy)), the value at which
Zk.n are approached to in the limit of small y. Thus under the condition

|Zmin| << I\/EL/(]T&F)I, (773)
|zmin| << [\/§%/d} — R(L/(wén))| (7.74)

we can rewrite (7.72) in the form

2= EN V\/:
03y 4 con V]

(7.75)

and for zp;, finally get

L V\/E En

Zmin = 1 — + £2. (7.76)

EN yg\/§+coth{‘;—£\/§} dy

Note, that the imaginary parts of the roots of both groups (zx. r, zx.x) do not exceed
their real parts. It means that inequality (7.74) guarantees the smallness of Re zpin
compared to Re(zx.r, kN )-

Assuming further that the total contribution to /¢ from the all the residues at
critical points zx> is small compared to that at z = Zmin

>> Yp + Iy, (7.77)

‘ Zmin sinh Zmin

Rez

we arrive at the following expression for /¢:

Zr) = (7.78)

2k, F(N) Sinh wz g ow)

4xT W Rei G2A%k* (SF + Sv)

Ic = , 779
S T Yoo € L Dy sinh(gL) 7.7
2 2vd 2vd 2 d
SF:S_IZF[I—F d F sinh™! i Fi|u—cothv—F,
&y Er &r | v Er
2ud 2ud d
SNzy[lJr N Sinh! ”N}V— oth 2.
Ey N lu Ev
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where u = /2 — qzéjz\,, v = ,/5 - qzél%, and inverse coherence lengths ¢ is

given by

1| én )/\/5

g=— + 2. (7.80)

En Eyg\/5+coth{’§—£\/§}

The coefficients k and D in (7.79) have the form

_ 1 yenér 1

u? vy én vz’

dy £2 dF) udy vdF
D =|—+y2£E_—")coth— coth —
(EN £ &r En &r

d 2 d
+ (va—N + s—F y) coth =

En 512\,; En
dr &k 1Y oo Y9
+(YBMEF 512v + u) coth i
1% dN 12;1/!( dF)
- — = — — ). 7.81
+M(VB+)’§_N)+S12VV VB+§_F (7.81)

From (7.74) and (7.76) it follows that the approximation (7.80) for ¢ is valid if

51272 << d—N <<, (7.82)
nhéy En

where

%\/ylz; + ypv2h™! —i—h—l,if >> 1/+/h,

& d
%\/Vlz;'i‘z)/B%h%-i-d—%‘;—z, & << 1/v/h.

n = (7.83)

where h = H/nT¢ sgnw. To get (7.82) we additionally restricted ourselves by
considering the most interesting from practical point of view situation when

h>>T/Tc, & << én. (7.84)

It follows from inequalities (7.82) and (7.83) that the range of validity of expression
(7.76) is the larger, the smaller is the parameter y and thickness of F film dr or the
larger is yp. At y = 0 or yp — oo rigid boundary conditions take place at NF
interface and expression (7.76) is valid for arbitrary thickness of the normal film.
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From (7.77) to (7.78) it follows that in the limit of thin F and N films, dp/&p <<
1/vh and dy /€y << 1/+/82, the result (7.79)—(7.81) is valid if the conditions
(7.82) are fulfilled.

The inequality (7.77) provides also the restriction on the thickness dy and dy
of F and N films. Physically, it comes from the fact that with dr (dy) increase the
full supercurrent flowing across F (N) film is enlarged proportionally to dg (dy).
Therefore the smallness of this current component compared to contribution to /¢,
which is accumulated in vicinity of FN interface, results in

dr Re(q) << exp { 55«/%} (7.85)
F

dy Re(g) << exp g L (5_9 — q)} . (7.86)
N

Finally we should take into account that the form of the boundary conditions is
valid for relatively large ypn thus providing additional restriction for application of
(7.79), which sets the limit on the distance between superconducting electrodes

1
L >> Re (— arctanh ) . (7.87)
q

YBNG S N
From (7.80), (7.84), (7.87) it follows that inequality (7.85) is always fulfilled
for experimentally reasonable thickness of F layer and does not apply a serious
restriction on the use of (7.79).
Taking into account the inequality (7.82) we can further simplify the expression
for the critical current (7.79) and transform it into the formula
_2xTdy W i GiA?

lc = —— _
¢ gk sinh(qL)

(7.88)
e &y Vl%NPN

w>0

in which the dependence of /¢ (dF) enters only via functional dependence g(dr)
determined by (7.80). It is important to note that to use expression (7.88) it is enough
to be in the range of parameters, which guarantees the implementation of (7.82).

7.4 New Geometry of SFNS Junctions

The choice of junction geometry considered in previous sections was based on
existing concept [46,47], that in such ramp-type configuration the critical current /¢
is larger than in overlap geometry, when S electrodes are located on top of the weak
link multilayer. In this section, this statement is reconsidered and it is demonstrated
that its valid only for the fully transparent interfaces between S electrodes and a
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Fig. 7.18 (a) SN — N — NS a
junction, (b) the SN.S d
junction A .
S S
N Ldy
b
S N S
Fig. 719 @ a c
SNF — NF — FNS junction,
(b) the SN — NF — NS S | S S | S
junction, (c) the N N
SNF — N — FNS junction, (d) F E ] LE |
the S — NF — § junction b d
S | S S N S
N E

L F 1]

weak link region. Three different geometries of Josephson junctions: (1) SN-NF-NS
devices, which consist of two SN complex electrodes connected by NF weak region;
(2) SNF-N-FNS structures, in which N film connects two SNF complex electrodes
and (3) SNF-NF-FNS junctions with S electrodes located on top of the FN bilayer
are studied. Critical currents of these Josephson structures in the framework of
linearized Usadel equations for arbitrary length of complex electrodes will be
discussed and then it will be compared with the results for the above three cases and
those obtained in previous sections to determine the geometry, which provides the
largest magnitude of the critical current. Also in this section, we will demonstrate
that O-7r transition in the considered structures can be driven not only by variation
of distance L between S electrodes, as predicted by known models, but also by
changing the length d of the SNF overlap region.

We consider multilayered structures presented in Figs.7.18 and 7.19. They
consist of superconducting electrodes with the length d deposited on the top either
a single N film or on NF bilayer. The bilayer consists of ferromagnetic (F) and
normal metal (N) films having a thickness df, and dy, respectively (see Fig.7.19).
The junctions shown in Figs.7.18b and 7.19d are the structures having ramp-type
geometry intensively studied previously (see [46,48-54]).

The x- and y-axes have been chosen in the directions perpendicular and parallel
to the plane of N film and put the origin in the middle of structure at FN interface
(Fig.7.19a,b,d) or at the lower free interface of N film (Figs.7.18, 7.19c).

We will solve linearized Usadel equations (7.1), (7.2) for these cases in the limit
of small thicknesses of N and F films
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dy <&y, dr <E&fF (7.89)

as in Sect. 7.2. The details of calculations are summarized in appendices.

7.4.1 Critical Current of SN-N-NS Josephson Junction

The expressions for the critical currents, 1, ENS, 1 gN_N_NS, of SNS junction shown

in Fig. 7.18 are well known in the considered model [52]. They have the form

 pa— Kd—NiL (7.90)
¢ T Ty nzoqsinh(qL)’ '

oo

ISN—N—NS _ K Z r Sil‘lh2 (qd)
¢ g3 sinh(q(L + 2d))’

= 7.91
Endy (7.91)

n=0

where coefficient K = 27T W)/(RgnApnysne), ¢ = &y'+/82 is inverse decay
length and I' = A?/(w? + A?).

As it is shown in Appendices expression, (7.91) is also followed from the more
general formula for critical current of SNF-NF-SNF devices shown in Fig. 7.19a in
the limit of small thickness of F film (dr — 0).

The ratio of these two critical currents, / éN_N_NS /1 SNS, is visualized in Fig.7.20
as a function of thickness of normal layer, dy, for several lengths of complex

electrode d /&y = 0.5, 1, 10. It is clearly seen that there are intervals of parameters

2 .
v
—— /g, =10 /,/
g, = ,
----- = :/
. @z, =05 ,
Z /
Z /
& 1
< ,
2 ,
\U) 7
L
-
»/'
‘/
. ./
0 e s | | |
0,0 0,2 0,4 0,6 0,8
CfN/é:N

SN—N—NS

Fig.7.20 I, /1. versus thickness of N film dy /€y for d /€y = 0.5,1,10,L/Ey = 2,
T/Te =05
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under which critical current of SN-N-NS junction can essentially exceed of / gNs.
The physics of this effect is evident.

In the considered limit of small SN interfaces transparency for ramp-type
geometry (Fig.7.18a) under condition L >> 1/g the magnitude of induced into N
metal @y functions at SN interfaces is close to

GsA
YeNENG

qjN(dN) = VBNqu >> 1, (792)

while in the case of overlap geometry (Fig. 7.18b) for dy << 1/g magnitude of @y
functions induced into N metal is in the first approximation on dy /&y independent
on coordinate x and is equal to

GsA

2
— dy >> 1. (7.93)
VenENG2dy yeNENG dN

Py(dy) =
From (7.92), (7.93), it immediately follows that the large factor ypn in (7.93) can
be renormalized by a small ratio of dy /&y, thus leading to effective increase of
superconductivity at the interface between the N film and SN composite electrode
compare to the strength of superconducting correlations at SN boundary of SNS
ramp-type devices.

7.4.2 Critical Current of Devices with F Film
in Weal Link Region

To calculate the critical current of the junctions shown in Fig. 7.19, one has to solve
the boundary problem and substitute the obtained solution into general formula for
supercurrent:

oo

—171TW
Is = Z ~2/ [ 0. gy w,F:|
A i / " (7.94)
epy et w2 —a) N 8 a),N . .

The details of this procedure are allocated in appendix.
It is shown there that in the practically interesting limit of strong N film

(v >>Cp, &y >>&F (7.95)

the critical current of SNF-NF-FNS (Fig. 7.19a), SN-NF-NS (Fig. 7.19b), and SNF-
N-FNS (Fig. 7.19c) structures
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SNF—NF—FNS K i I'Uq sinh?(q,d)

1 = - , 7.96
¢ Evdy 4= sinh(qi(L +2d)) (7.96)
SN—NF—NS K > I'q;
1 = Re , (7.97)
¢ Endy Z q4(Qq,q1 + Pyqr)

n=0

e K > ru
T o S ReY (7.98)
Endy n=0 Qqrg + Py g

can be expressed by formulas (7.96), (7.97), and (7.98), respectively. Here, functions
Q(a, p), P(a, B), and U are defined as

2coth (ad)cosh (bL) b
0,y = 2o @d) o BLID, (7.99)
a
b? coth® (ad
P, = sinh (bL) (1 + M) , (7.100)
a

262 £2 2
U= (&) , (7.101)

1-— vzuzé'%{/zv

where ¢, is fundamental inverse coherence length of the problem:

‘112 _ % [u2 2 \/(Mz _ v2)2 + 4;;2§1§2i| , (7.102)

while u and v

, (1 9) ) (1 2 .h)
(= 4+2). = (—=+Z4i ). 7.103)
” (zg 2) " \gTe e (

are partial inverse coherence lengths. The parameters {r and {y are the coupling
constants {2 = ypdrér, % = ypdnEn/y, which describe the mutual influence of
N and F films on superconducting correlations in the junction.

Strictly speaking, the formulas (7.96), (7.97), and (7.98) are valid in the limit of
thin N and F films (7.89). However, making use of the formalism developed in [51]
it is possible to prove that all of them can be also valid for arbitrary thickness of F
film if one simply use in (7.96), (7.97), and (7.98) the more general expression for
inverse coherence length g, namely 7.46.

Expressions (7.96), (7.97), and (7.98) can be simplified in several practically
interesting cases.

In the limit of large d (d >> 1/q,1/q;) both coth(¢d) — 1 and coth(q,d) — 1.
As a result for SN-NF-NS and SNF-N-NFS junctions, one may use the same
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formulas (7.97), (7.98) with more simple forms of functions Q (e, §) and P(«, B)

2cosh (bL) b
Oup = 2cosh (bL) b . (7.104)
a
bz
P,, = sinh (bL) (1 + a_z) , (7.105)
while for SNF-NF-FNS junction
SNF—NF—FNS 1 K >
T == R ru —q\L). 7.106
c 2 Endy e;) q1exp(—qiL) ( )

In the limit of large distance L between S electrodes, L >> 1/¢, 1/q; the main
contribution to the sums in (7.96), (7.97), and (7.98) comes from the first item and
for the critical current of SNF-NF-FNS, SN-NF-NS, and SNF-N-NFS one can get,
respectively:

I(SjNF—NF—FNS _ 2K i FUq1 exp(—qle) (7.107)
Evdn  “= (1 + coth(qd))
N 2K > T —q\L
T 2 Re) — 2 exp(=¢1 L) - (7.108)
Evdy  “= g% (q + g1 coth(qd))
—N— 2K 2. I'Uqq> —qL
RS Re Y — exp (=4 )2. (7.109)
Endy = (g1 + g coth (q1d))

Below the obtained results (7.96), (7.97), and (7.98) will be compared with the
value of the critical current calculated in [48] for ramp-type SFNS junction

1 yen _En
d 0 1- 22 ver 2
1™ =k Re> T ( ai T E“N) . (7.110)
En = q1 sinh(q L)

It is necessary to mention that in the limit of decoupled F and N films (yp —
oo) expressions for the critical currents (7.96)—(7.98) reduce to the formula for
SN-N-NS devices (7.91), while the critical current of SENS ramp-type structure
(7.110) transforms to that (7.90) valid for SNS junctions.

Figures 7.21-7.26 show the phase diagrams for critical current, which in
(L/&y.,d/En) plane gives the information about the sign of /.. In the areas marked
in Figs.7.21-7.26 by 0 and 7, the critical current is positive (0-state) and negative
(m-state), correspondingly, while the lines give the point curves at which I, =
0. The position of these curves in (L/&y,d/&Ey) plane also depends on relative
thickness (dp/&éF and dy /€éx) of both F and N films.

The phase diagrams for SNF-N-FNS structures are given in Figs. 7.21 and 7.22.
In this geometry, there is the only N film in the region between SNF multilayers.
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Fig. 7.21 (L/én.d/én)
phase diagram for
SNF-N-ENS structure for
dr/EF = 0.04,0.1,0.2
(solid, dashed, dotted lines) at
y = 0.1,y = 0.1,

dy/énv = 0.1, 6y /6F = 10,
T/Tc =0.5 H/nTc = 30

Fig. 7.2 (L/é.d/En) 2.5 Ty
phase diagram for :
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y =0.1,yp = 0.1, 15} e 1
dr/§r = 0.1, &y /6F = 10, @
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dy / En=0.1
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Fig.7.23 (L/én.d/én) 3.0F
phase diagram for SN-FN-NS
structure for 250
dr/&F = 0.08,0.1,0.2
(solid, dashed, dotted lines) at 20l

y = 0.1,y = 0.1,

dy/éy = 0.1,y /6F = 10, F 15t
T/Te =05, H/nTe = 30 s
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Fig. 7.24 (L/én.d/En) 3.0F LT A
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The inverse coherence length ¢ = g;l £2 in N film is real; therefore, there are no
oscillations of critical current in the structure.

The calculations show that in this case there can be only one curve on the (L /&y,
d/&n) plane, at which I, = 0 for fixed other parameters. The existence of only
one point curve for SNF-N-FNS structure can be understood from the following
argumentations. Contrary to well-studied SFS junctions, the coherence length in the
part of weak link region of SNF-N-FNS devices located between SNF electrodes is
real, thus preventing the oscillations of function @y in that region of the N film. The
oscillations of condensate function exist only in the NF part of weak link located
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Fig. 7.26 (L/én.d/En) 30F ' FAM ' ]
phase diagram for dn/En=0.07 | ! :

SNF-FN-ENS structure for —l :

dy /€y = 0.04,0.05,0.07 25| T ]
(solid, dashed, and dotted dy / En=0.05 :
lines)aty = 0.1, yg = 0.1, ool T~ 1
dr/§p = 0.1, &y /Er = 10, dy / £5=0.04

T/Te =05, H/nTe = 30

-
1

L/Ey

under the S electrodes. Obviously, under these circumstances the sign of /. must
be only controlled by value of condensate function at the boundary between the
SNF electrodes and the N film connecting them. This value of condensate function
determines two complex coefficients, A;, and, A, (see (7.137) and (7.138)). In
combination with nonoscillatory decay of @y function into the N film from the
SNF electrodes, these coefficients provide only two choices for the sign of /. and
only one curve at which /. = 0. This is in contrast to SFS devices with F film in
between of S-electrodes. In the latter case, the sign of /. depends also on relation
between the geometrical size of a junction and the imaginary part of the coherence
length (the period of oscillations of the order parameter). It is combination of these
two factors that provides the opportunity to have multiple changes of /. sign and
infinite number of curves at (L/&y,d /&y) plane at which I, = 0.

Therefore in the considered SNF-N-FNS structures there is only one of these two
factors and only one opportunity for /. to change its sign, which can be realized or
not depending on the parameters of the structure.

The position of the transition curve calculated for fixed ratio dy /&y = 0.1 and
several values of dr/ér = 0.04,0.1,0.2 is shown in Fig.7.21. The location of the
curve depends on dr by nonmonotonic way. At dr = 0, there is only O-state in the
structure. With the increase of df, the curve first shifts to the left bottom corner of
the phase diagram, then it turns back and at some critical value of dF it tends to
infinity, thus providing only O-state in the structure with further dr increase. Such
nonmonotonic behavior is due to nonmonotonic behavior of ¢; from (7.46).

Figure 7.22 shows (L/&y.,d/&n) phase diagram calculated for fixed ratio
dr/&r = 0.1 and several values of dy /€y = 0.05,0.1,0.2. It is seen that with dy
increase the point curves at which /. = 0 shifts in the direction to the right corner
of diagram providing the increase of area for 0 state. This fact can be understood
if one takes into account that under fixed dp the larger is N layer thickness the
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smaller is the influence of the F layer on the junction properties. It is obvious that at
dy Z &y the critical current of SNF-N-FNS junction will tend to that of SN-N-NS
since the current will flow in the areas located closer to S electrodes thus decreasing
the probability to have SNF-N-FNS structure in the w-state. Also, it is important
to mention that at some fixed parameters only O-state or 77 -state can be realized for
any L, and at some fixed parameters only O-state can be realized for any d.

The phase diagrams for SN-FN-NS structures are given in Figs.7.23 and 7.24.
Figure 7.23 presents the data calculated under fixed value of dy /&y = 0.1 for a
set of ratio dr/&r = 0.08,0.1,0.2, while Fig. 7.24 gives diagram obtained under
fixed value of dr/&r = 0.1 for a set of parameters dy/Ey = 0.08,0.1,0.15. In
this geometry, there is the only N film in the complex SN electrodes. The inverse
coherence length ¢ in N film is real value. Consequently, both 0 and z-states in
SN-FN-NS junctions can be realized due to oscillatory behavior of superconducting
correlations in NF region inside the weak link area, which connects SN electrodes.
So there are infinite number of point curves. The point curves at which /. = 0 looks
like practically vertical lines, thus demonstrating weak influence of overlap distance
d on alternation of 0 and r states in the junction.

Finally, Figs.7.25, 7.26 give (L/&y,d/En) phase diagrams for SNF-FN-FNS
junctions. In these structures, coherence lengths are complex both under super-
conductor in complex SNF electrodes and in NF part of weak link region. The
appearance of 0 or 7 state in this case depends also on matching these oscillations at
SNF/NF boundary. As a result, the point curves at which I. = 0 are not as vertical
as them one can see in Figs. 7.23, 7.24, thus demonstrating their strong dependence
on both lengths L/&éy and d, and the 0 — 7 transition with d increase is not so
sensitive to L variations as for SN-FN-NS structure.

Figure 7.27 shows dependence of absolute value of normalized critical currents
of SNF-NF-FNS, SNF-N-FNS, SN-NF-NS, and SFNS junctions as a function of
L /&y forinfinite length of SN interface d . It is seen that at given magnitude of L /&y
critical current of SN-N-NS junction, / (S;N_N_NS, has the maximum value among all
others. This fact is obvious since in this structure there is no additional suppression
of superconductivity provided by the F film. If we compare the value of /¢ far from
the 0 - & transition points for all other considered structures, then we may have

SN—FN—NS SNF—N—FNS SNF—FN—FNS S—FN—S§ .
I > I > I > I . This sequence of values are due
to consecutive increase of suppression of superconductivity provided by F film.

In SN-FN-NS junctions in the considered region of parameters, the super-
conducting correlations are suppressed by F film only in weak link region, thus
providing the large value of /. In SNF-N-FNS junctions, the critical current is
smaller than in SN-FN-NS devices due to suppression of superconductivity in SNF
part of the structure. Due to it, the decay of superconducting correlations into N part
of weak link starts from the values, which are smaller than in SN-FN-NS devices.
In SNF-FN-FNS devices, there is suppression of superconductivity in all parts of
structure by F film. Finally in SNFS ramp-type structures, the critical current has the
smallest value. In SN-N-NS and SNF-N-FNS junctions, /¢ decays with L without
oscillations. However as it follows from the phase diagram presented in Fig. 7.21,
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Fig. 7.27 Ic for SN-N-NS, SENS, SNF-N-FNS, SN-FN-NS, SNF-EN-FNS structures versus
L /&y calculated for &y /6 = 10, T/Tec = 0.5, H/anTc = 30,dy/én = 0.1,dp/éF = 0.1

under the chosen set of parameters the SNF-N-FNS structure is the 7 state, so that
its critical current is negative, while SN-N-NS is always in O-state.

The decay length in NF part of SN-FN-NS, SNF-FN-FNS, and SNFS devices
is complex providing damping oscillations of /¢ as a function of L. The period
of these oscillations and their decay length are the same for all the junctions and
controlled by bulk properties of NF part of weak link. The initial conditions for
these oscillations at SN/NF, SNF/FN, and S/NF interfaces are different resulting in
shift of the oscillations along L axis.

Figure 7.28 shows the amplitude of critical current of SNF-FN-FNS, SN-FN-NS,
SNF-N-FNS structures versus the length of SN interface in complex electrodes
calculated under fixed ratio of L/&y = 2.

From the presented curves, it follows that critical currents have a tendency to
increase with d as tanh®(d /£y), while at large d they arrive at independent on d
values.

The continuous support of superconductivity from the S electrodes along all
the SN interfaces results in considerable difference between I¢ (L) and I¢(d)
dependencies. The last may have only one change sign of /¢ as a function of d.

It is also necessary to note that maximum of /¢ in /¢ (d) dependence maybe not
necessarily achieved in the limit of d — oo. For instance, at dy/§y = 0.2 and
d/&y = 0.5 (see Fig.7.28c) the magnitude of /¢ fifty times larger compare to the
value, which is reached at d — oo. This strong enhancement may be important for
some practical applications of these structures.
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7.4.3 Calculation of Supercurrent for SNF-NF-FNS Junction

To calculate critical current of SNF-NF-FNS Josephson junction it is enough to
solve linearized Usedel equations for condensate functions of normal (@) and
ferromagnetic (@) films in weak link region, as well as for condensate functions
in N films under left (D) and right (@y,) superconducting electrodes. These
equations have the form

P
&% {@ + W} Pynin2 — 2Py nin2 = 0,
5 92 92 ~
§F {@ + W} Drrir2— 2PrF1r2 = 0. (7.111)

They should be supplemented by the boundary conditions on SN interfaces at
x=d N

d .
veNEN g@m,m = GsAexp /2, (7.112)

where sign minus (plus) should be chosen for left (right) S electrode. At FN interface
located at x = 0 the boundary conditions have the form:

gN d EF d
——0q =y =—0 , 7.113
0 oy DVNLN2 S o PrFLE ( )
3 2
vBEF—Prrir2 + Pr1 = =Py N1N2, (7.114)
ox 2

while at free interfaces

0

5¢N1’N2 =0, y = :F(L/2 + d) (7115)
ad
$¢F1,F2 =0, y=F(L/2+4d)
0
+—Prrir2 =0, x=—dr (7.116)
ax
ad
— &y =0, x=dy (7.117)
ox

they are followed from the demand of preventing a current flow across them.
Finally at the interfaces between complex electrodes and weak link region (at y =
FL/2) all the functions and their first derivatives should be uninterrupted:

d d
—PyniN2 = — Dy, (7.118)
dy dy

DPyiN2 = P, (7.119)
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d d
—@r1.r2 = —Pr, (7.120)
dy dy
Prir2 = PrF. (7.121)
In the considered limit of thin F and N films

dy <&y, dr <ér,
the two-dimensional boundary problem (7.111)—(7.121) can be reduced to a one-

dimensional. To do this we can suppose that in the main approximation condensate
functions do not depend on coordinate x,

Dy niN2 = Avnin2(Y), Prrir2 = Brrira(y), (7.122)

and that their derivatives with respect to x can be expressed as follows:

0PN N1N2 2 AN N1 N2
TANLAE )22y _ 7NNVLNZ —dy).
o % g Anviv 5y (x —dy)
0Pr F1,F2 (%} O*Br.F1.r2
——-={—B - dr). 7.123
o g Bror 92 (x+dr) ( )

After substitution of (7.122) and (7.123) into the boundary conditions (7.113),
(7.114) we arrive at one-dimensional differential equations in respect to functions
Annin2(y) and B g1 p2(y). Solution of thus obtained one-dimensional boundary
problem for the weak link region can be expressed in the form:

Ay = Ajcosh(q1y) + Ay sinh(g1y)

2
+ ﬁ;z (Bicosh(q2y) + By sinh(g2y)) (7.124)
{y 2
F = Bicosh(q2y) + By sinh(q2y)
B2 .
— {75 (Aq cosh (q1y) + A, sinh (q1y)) (7.125)
F

where inverse coherence lengths of the problem:

1
ar, = 3 [u2 +V F \/(u2 —12)% + 45;%;2} , (7.126)

uz—(i+£) Vv = L+g (7.127)
&/ i &) ‘

and {7 = ypdrép, CX =vypdnén/y. B = (g} —vH)™"
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The appropriate solutions for F and N films located under S electrodes are
Anin2 = Anizcosh(gry) + Ai sinh(q1y)

+ f (Bi1.12 cosh(q2y) + Biao sinh(gay)) — NeT9/2 (7.128)
v £
Brir2 = B2 COSh(‘]z)’) + Bi2 2 sinh(g2y)

B K2

2o (A11.12 cosh(q1y) + Az sinh(g1y)) — FeT¢/2  (7.129)
F

The integration coefficients in (7.124), (7.125), (7.128), and (7.129) can be found
by substituting these expressions into the boundary conditions. This procedure
leads to

_cos(¢/2) sinh(q1d) FBLy* — N

A4 — .
! sinh(¢1(L/24+d)) v+1 (0
= isin(p/2) sinh(q1d) FBLy*> — N
2T cosh(qi(L/2+d)) v+1
B — cos(p/2) sinh(qod) NBCR* + F
1= sinh(g2(L/24+d)) v+1
__isin(g/2) sinh(g>d ) NBLE + F
cosh(¢2(L/2+d)) v+1
where
N l szé-N;F GSA
Evdy 1 — 82203 8% yeN
Fo .Q 1 CN GsA,

Q Evdy 1 — 4223 C% yeN '
and v = B2L32¢R2

By substituting of the solution (7.124), (7.125), (7.130) into general formula for
supercurrent (7.94) we obtain the expression for supercurrent in the SNF-NF-FNS
structure:

Is = (Ic1 + Ic2) sin(p), (7.131)

where

KGiy Zqu (1+128)” (v + 1)™" sinh(gad)?
T Evdy 2 (1G5 sinh(ga(L + 2d))

= g1 (28, — B) (v + 1) sinh(qd)>
(1 —v2u23.6%)? sinh(q1 (L + 2d))

)

w=0

and I' = A?/(2% + A?).
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In the limit {y >> Cp, Ey >> £p, the part of the full critical current, /¢ 5, is small,
so that the magnetidute of /¢ of SNF-NF-FNS structure is reduced to

ISNF*NF*FNS _ K iRe I'Uq, Sinh(qld)z
¢ Evdy “= sinh(qi(L +2d))

7.4.4 Calculation of Supercurrent for SNF-N-FNS Junction

To calculate supercurrent across SNF-N-FNS junction we should slightly change the
procedure described in Appedix A taking into account the appearance of additional
three interfaces in the structure. Since the current can not flow across them instead
of (7.121) we should use

d
8_¢F1’F2 =0, y = :FL/2, _dF <z=<0, (7132)
Y
a L L
— &Py =0, x=0, — <y < —. 7.133
o o R 2 SY=3 ( )

In the limit of thin F and N films dy < &y, dr < &, the of solution of Usadel
equations in the N film of weak link has more simple form compare to (7.124):

Ay = Ajcosh(qy) + Az sinh(gy), (7.134)
while in FN bilayer under S electrodes it closes to that of (7.128), and (7.129)
Anin2 = Az cosh(gry) + Aiz 2 sinh(q;y)
5\[ (Bi1.12 cosh(q2y) + Biaa sinh(qay)) — NeT¥/2, (7.135)
Bri,r2 = Biii2cosh(q2y) + Bia2o sinh(qzy)

éB (A11,12 cosh(q1y) + A1z sinh(q1y)) — FeT¥%/2. (7.136)
P2

The integration constants in (7.134), (7.135), (7.136) can be found from the
boundary conditions. In particular for A; and A, one can get

A = —Ncoste/2} , (7.137)
(qu +qu2,)/(v+1)tanh%+cosh%
A, = —iN sin{gp/2} (7.138)

(th +v0,,4 )/(V + 1) + sinh qL
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Substitution of (7.134), (7.137), (7.138) into general formula for supercurrent:

171TW > dy
I j—
ST epn 2 wz/ [ ~N 9y “’N}

n=—0oQo

in the limit ¢y >> (g, Ey >> &p leads to

o]

SNF—N—FNS K FUq
= Re ———1 (7.139)
¢ Evdy nX:(:) Qqg + Parg

where functions Q, 4 and P, , are determined by (7.99) and (7.100), respectively.

7.4.5 Calculation of Supercurrent for SN-NF-NS Junction

To calculate of supercurrent across SN-FN-NS junction we should change the
procedure described in Appedix A by taking into account the absence of F film
in complex SN electrode. To do this the boundary conditions (7.121) in appropriate
regions should be replaced by

d
—0p = 0.y =FL/2.—dp =x =0, (7.140)
y
0 L L
—Pyin2=0,x=0,.-<|y|<=-+d (7.141)
dx ’ 2 2

In the limit of thin F and N films dy < éy,dr < £, solution of the boundary
problem in the weal link can be found in the form

Ay = Aycosh(q1y) + Azsinh(q1y)
p $2

+ = 2 (31 cosh (q2y) + By sinh (q2y)), (7.142)
v 2
Br = By cosh(q2y) + By sinh(¢2y)
— Cﬁ_ (Aj cosh(q1y) + Az sinh(q1y)), (7.143)
F

while for it in the N films located under S electrodes they are
Aniy2 = Az cosh(qry) + Aiz 2o sinh(qry) — Ne¥¢/2, (7.144)

Integration constants A;, Ay, By, By in (7.142)—(7.144) can be found from the
boundary conditions resulting in
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cos{@/2} g 2GsA/(EndnyaN)
cosh% + (quTz%/Z—i- Qq,’%l v+ 1)) tanh%

A =

4y — isin{p/2}g "GsA/(EndnysN) ’ (7.145)

sinh% + v tanh? (%) Qli%"%l/z + Qq’%l v+1
Ali @ qisinh(q1L/2)
{2 |w| g2sinh (q2L/2)"
o gcosh(q1L/2)

1
By = Ay— f— L I (7.147)
2= P cosh @aL)2)

Substituting this result into general formula for supercurrent (7.94) in the limit
v >> ¢, Ey >> Ep we arrived at the following formula for critical current of the
SN-FN-NS junction

B, = (7.146)

[e.]

SN—NF—NS K I'q,
1 = Re E .
¢ Endy 4" Qg + Pyg))

n=0

7.5 Conclusion

In this chapter, Josephson effect in S-FN-S structures under condition of relatively
large suppression parameters ygN and ygr at SN and SF interfaces was discussed.
Thus, it has been shown that the use of a bilayer thin-film FN structure as a weak-
link material can lead to the effective decrease in H and to a significant increase
in both the damping length and oscillation period of the dependence I¢ (L) of
the S-(FN)-S junctions as compared to the respective values for similar structures
containing only the ferromagnetic film.

Also the effect of finite thickness of the ferromagnetic films and normal S-FN-S
transition in the critical current was analyzed. It was shown that for arbitrary film
thickness qualitatively preserved oscillatory behavior of the critical current with
changing the distance between superconducting electrodes, but the characteristic
scale of the damping and period of oscillations depend strongly on the thickness of
the films. Thus, for arbitrary thickness of the films all the earlier results for the limit
of thin films are qualitatively correct. At the thickness of the ferromagnet, which
is comparable with the coherence length, the characteristic scale of the damping
and period of oscillations cease to depend on the thickness of the F film. Also
very important is the fact that near the critical distance between superconducting
electrodes, that is those in which the critical current is zero for an infinitely thick
ferromagnetic film, there is rapid change as a sign, and value of the critical current
with small changes in distance between the superconducting electrodes. Off from
such narrow critical areas as a sign, and the value of critical current do not depend
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on the thickness of the F film. These results are very important from a practical
point of view, because one can create junctions with parameters that do not depend
on the spread of both geometric and transport parameters of material structures that
are inherent in any technological process.

A second major technological constraints on the practical production of proposed
S-FN-S and S-FNF-S structures was that they are ramp-type junctions. From a
technological point of view, it is much more convenient to work with structures that
have only parallel boundaries between layers. Therefore the geometry in which the
S electrodes are placed on top FN structure was studied. Three different geometries
were considered. The advantages given by for the practical realization of the
geometry, in which the S electrodes are located on the FN structure, to the geometry
of the ramp-type SFNS junctions were analyzed. It was proved that amplitude
of the critical current for SN-FN-NS-type structure reaches the highest values
compared with other geometries because of the absence of additional suppression
of superconductivity under electrodes from ferromagnetic film. The effect of finite
area of SN interface of SFNS junctions in which the electrodes are located on the
top of FN structure on realization of states with negative and positive sign of the
critical current was studied. It was proved that besides multiple 0 — 7 transition
for ramp-type structures with increase of distance between the electrodes in the
structures with the new geometry a single 0 — 7 transition with increase of length of
the SN boundary is realized. This 0 — 7 transition can exist even in the SFN-N-FNS
structures with nonferromagnetic region of weak link.
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Chapter 8

Physics and Applications of Superconducting
Phase Inverters Based on Superconductor—
Ferromagnet—Superconductor Josephson
Junctions

V.V. Ryazanov

Abstract Coexistence of superconductivity and magnetism is one of the most
actively progressing fields in the condensed matter physics. Undoubtedly the most
impressive phenomena observed in this field recently are related to spatial nonuni-
form superconductivity in a ferromagnet close to superconductor/ferromagnet
interface. One of them is phase difference inversion in Josephson junctions with
ferromagnetic weak links, SFS m-junctions. This review is devoted to physics and
applications of these novel Josephson structures.

8.1 Introduction

Josephson “m-junctions” [1] are weakly coupled superconducting structures with
the ground state phase difference of the macroscopic superconducting wave function
¢ = m. They are characterized by the inverted Josephson current-phase relation
(CPR): I = I sin(¢ + ) = —I. sin ¢, negative critical current — /., and negative
Josephson coupling energy E, = —Ejcos ¢, where Ey = [.®y/(2r), &y = h/2e
is the quantum of magnetic flux. The inverse CPR and a total w-junction coupling
energy E = Ej(1 + cos ¢) are shown on the right side in Fig. 8.1.

The origin of the m-state in a superconductor/ferromagnet/superconductor (SF.S)
junction is an oscillating and sign-reversing superconducting order parameter in
the ferromagnet close to a superconductor/ferromagnet interface [2, 3] (see [4] as
a review). Owing to these oscillations, different signs of the order parameter can
occur at the two banks of the SF'S sandwich when the ferromagnetic layer thickness
is of the order of half an oscillation period (see Fig. 8.2), which corresponds to a
sign change of the supercurrent and a negative Josephson coupling energy. Spatial
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Fig. 8.1 The supercurrent and the coupling energy vs. junction phase difference for Josephson
junctions in conventional (0-) and 7 -states
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Fig. 8.2 Sign-reversing superconducting wave function ¥ (superconducting order parameter) in a
SF-bilayer close to SF-interface (left panel) and in SFS m-junction (right panel)

oscillations of the superconducting order parameter in a ferromagnet close to an
SF interface were predicted in [2, 3]. The physical origin of the oscillations is the
exchange splitting of spin-up and spin-down electron subbands in ferromagnets [5].
Conventional superconductors used in the SFS m-junctions contain Cooper pairs,
two electrons with opposite spin and momentum (+k 1, —k |). Such a system is
described by an isotropic excitation gap or a superconducting order parameter. It was
predicted long ago by Larkin and Ovchinnikov [6] and by Fulde and Ferrel [7] that
pairing still can occur when the electron energies and momenta at the Fermi energy
are different for the two spin directions, for instance as the result of an exchange
field in magnetic superconductors. The “LOFF” state is qualitatively different from
the zero-momentum state: it is spatially inhomogeneous and the order parameter
contains nodes, where the phase changes by . It was not observed reliably in bulk
materials still, but it can be induced in a weak ferromagnet sandwiched between
two superconductors. The spatial variation of the superconducting order parameter
in the ferromagnet arises as a response of the Cooper pair to the energy difference
between the two spin directions [8]. The electron with the energetically favorable
spin increases its momentum by Q ~ E../vE, where E¢ is the exchange energy and
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vg is the Fermi velocity, while the other electron decreases its momentum by Q.
Since the original momentum of each electron can be positive or negative, the total
pair momentum inside the ferromagnet is 2Q or —2Q. Combination of the two
possibilities leads to the oscillating order parameter ¥ (x) in the junction along the
direction normal to the SF interfaces: ¥(x) ~ cos(20x) [8,9]. The same picture
applies in the diffusive limit [3]. Now, the oscillations are superimposed on the
decay of the order parameter due to pair breaking by impurities in the presence
of the exchange field. In [2, 3], it was predicted that an SFS junction can yield a
phase shift of & between the superconducting banks. The r-state offers new ways
for studying the coexistence of superconductivity and magnetism and may also be
important for superconducting electronics.

A review of experimental works concerned with investigations of Josephson
structures and carried out with the author participation is presented below.

8.2 SFS Junctions: Thickness and Temperature Dependences
of Josephson Ground States

To observe the manifestations of the transition into the r-state, one should fabricate
SFS sandwiches with the F'-layer thicknesses dr close to integer numbers of half
periods of the order parameter spatial oscillations Ay /2. The period is Aex = 27 &,
where the oscillation (or “imaginary”) length &, can be extracted from the complex
coherence length & in a ferromagnet: 1/&g = 1/ + i/&p. In the case of
large exchange energy and negligible magnetic scattering in a diffusive F-layer,
the imaginary length &r, and the order parameter decay length & are equal [3]:
g = Em = (AD/Ee)'?, where D is the diffusion coefficient for electrons
in a ferromagnet and E.x is the exchange energy responsible for sign-reversal
superconductivity in a ferromagnet. However, antagonism of superconductivity and
ferromagnetism differing in spin ordering is a cause of the strong suppression of
superconductivity in the contact area of the S- and F-materials. The order parameter
decay length &g, is as small as 1 nm if typical strong ferromagnets such as Fe, Co,
and Ni are used like F-interlayers in SF'S junctions. Our approach is to fabricate
Josephson SFS junctions with weak ferromagnets. The experimental studies of the
m-state were carried out by us on thin-film sandwiches Nb-Cu;_xNix-Nb, with x in
the range 0.52-0.57 and the Curie temperature, Tcyrie, Of the copper-nickel layers
in the range 30-150K. The onset of ferromagnetism is around x = 0.44; above
this concentration, the Ni magnetic moment increases with about 0.01 pp/at%Ni
[10], which allows precise tuning of the magnetism. The weak ferromagnetism of
the CuNi-alloy made possible flowing of supercurrents through the F-layers up to
30nm in thickness, prepared with the roughness of 1-2nm. The first observation
of the supercurrent through a ferromagnet was carried out in [11] and the first
experimental evidence for the w-state in the SFS junction was obtained in [12, 13].
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Fig. 8.3 The F-layer |
thickness dependence of the 10000 J
critical current density for ] T=42K
Nb*CU0_47Ni0_537Nb
junctions at temperature 4.2 K
[14]. Open circles represent
experimental results; solid
and dashed lines show model 14
calculations. The inset shows
a schematic cross-section of
our SFS junctions
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An insulating SiO layer is used between the top S-electrode of SFS junction
and the bottom SF sandwich. The window in this layer determines the junction
area (of 10 x 10 um?, typically). A schematic sandwich cross section is given in
Fig. 8.3 (inset). First, the bottom Nb electrode (110nm) of the SFS junction is
sputtered by dc-magnetron and structured by lift-off process. Then Cu;—xNix/Cu
bilayer with 50 nm Cu is sputtered on top of the Nb electrode by RF-diode sputtering
system. Topology of the ferromagnet bilayer is formed by physical argon plasma
etching process. The next technological step is a thermal evaporation of isolating
SiO (150 nm) film followed by lift-off process. Final technological step consists of
two in-situ operations: the physical argon plasma etching process helping to clean
the ferromagnet bilayer surface (30 nm of Cu film is removed) and the dc-magnetron
sputtering of the Nb (240nm) film. Pattering of the Nb film is done by lift-off
process. The junction normal resistance R did not exceed 5x 10™* €2, so the transport
characteristics of the junctions were measured by the picovoltmeter based on
SQUID with sensitivity better than 10~!" V. -V and I.(H) characteristics for Nb-
Cuy47Nij 53-Nb junctions have shown in Fig. 8.4 (insets). The I-V characteristics

are well described by the expression V' = R (I 2—13)1/2, with R values presented in
the main panel in Fig. 8.4. The linear approximation of the R(dr) dependence yields
the interface resistance rg = 302 for junctions with the area of 10 x 10 um?
and F-layer resistivity pp = 622 cm. It allows us to estimate the following
parameters in our ferromagnet: the electron elastic mean free path / = 1 nm, the
diffusion coefficient D = 5cm?/s.

Figure 8.4 (lower inset) shows that the magnetic field dependence I.(H) for
SFS junctions yields the classical “Fraunhofer” pattern. The oscillation period is in
reasonable agreement with the cross-section of the junction. Note that the central
peak is at zero field, even though the alloy is ferromagnetic. This signifies that
on average there is no change in the phase difference over the junction along the
different directions in the plane of the junction, presumably due to a small-scale
magnetic domain structure of the magnetic layer with zero net magnetization. The
central peaks were found shifted when SFS junctions were heated above 7. (but
below the ferromagnetic transition temperature, 7cyie) and a small field briefly
applied, leading to a finite magnetization [11]. Sometimes the peak was found
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Fig. 8.4 Resistance of Nb-Cug47Nij53—Nb sandwiches normalized to the junction area of
10 x 10 um? vs. the F-layer thickness [14]. Insets show typical I-V and Fraunhofer (I.(H))
dependences of SF'S junctions fitted to the conventional Josephson expressions

shifted in zero applied field, probably due to flux trapping in the superconducting
banks during cooling down. This could be remedied by reheating and recooling.
The starting point for all experiments was a central peak at zero field. The
small-scale magnetic domain structure of thin (20 nm) magnetic Cug 47Nig s3-layer
was visualized by means of a decoration technique in Ref. [15] at temperature close
to 6 K. The results of the work show that the magnetic domains have perpendicular
magnetic anisotropy and the domain structure period is about 0.1 pm (see Fig. 8.5).

In [14], we have investigated the thickness dependence of the SFS junction
critical current density in a wide F-layer thickness range for more than twenty sand-
wiches. All junctions were prepared with lateral sizes smaller than the Josephson
penetration depth to ensure uniform supercurrent distribution. Weakly ferromag-
netic Cug 47Niy s3 interlayers had the Curie temperature of about 60 K. In the barrier
thickness interval of 8-28 nm, the critical current density varied by 6 orders of
magnitude and had nodes at two dr values as presented in Fig. 8.3.

One can see that the curve in Fig. 8.3 demonstrates both direct 0 — 7 transition
and reverse transition from 77 - to conventional (0-) state. At transition points, d¢1 2,
the critical current is equal to zero and then should formally change its sign. Since
in our transport experiments, we could measure only the magnitude of the critical
current, the negative region of /.(dg) between the two sharp cusps (that corresponds
to the mr-state) is reflected into the positive region.
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Fig. 8.5 Small-scale magnetic domain structure of thin (20 nm) Cug 47Ni, s3-layer visualized by
means of a decoration technique in [15] at temperature close to 6 K
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Fig. 8.6 Temperature dependences of the SFS junction critical current density at several F-layer
thicknesses close to the critical ones [14]. The dashed lines show calculation results

Because of a slight temperature dependence of the order parameter oscillation
period and other temperature dependent processes discussed below, we could pass
through the transition points using samples with critical F-layer thicknesses d¢; =
11nm and d.; = 22nm by changing temperature. Temperature-driven 0 — 7 and
m — O transitions are presented in the middle panels of Fig. 8.6. The upper and
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lower panels show the temperature dependences of the critical current for samples
with F-layer thicknesses around d.; ;. For barrier thicknesses over 1-2 nm from
d¢1 2 0— 7 transitions are not observed in the experimental temperature range. This
implies that the temperature decrease from 9 K down to 1 K is accompanied by the
decrease of 1-2nm in the spatial oscillation period and by the decrease of about
0.3 nm in the imaginary length. In this temperature range, the change of &g is about
0.2nm as it has been estimated from /.(dp) curves at different temperatures. The
possibility of manipulating the coherence length by temperature was demonstrated
in [13], in which the temperature-driven 0 — 7 transition was observed for the first
time. We supposed that the condition for having the temperature as a parameter is
kT = E in this first our work. The exchange field and the temperature then
are equally important, and the complex coherence length & in a ferromagnet is
described by the following expression:

hD
=\ kT + 1) &

which yields for &g and &p:

hD
ria = 7 . (8.2)
—+ (Tkp JTKB
[E2 + (wkgT)?] " £ kT

However already for Cug47Nigs3 exchange energy E.x/kpgT estimated from data
presented in Fig. 8.3 is about 850K. The lowest reentrant curve in Fig. 8.7
demonstrates temperature-driven 7w —0 transition for even larger Ni content in CuNi-
alloy [16]. For the case Eox >> kgT, the expressions (8.2) for & (T) and & (T)

are given by:
o1 s = hD (1 - nkBT) 8.3)
TV E 2Ee ) '

A correction kgT/(2E.) in (8.3) is smaller than 1072 for E.,/kgT = 850K.
However, values of ég; = 1.3nm and &x, = 3.5nm obtained from the slope of
the /.(dr) data (Fig. 8.3) and from the interval between the two minima of /.(dr)
correspondingly differ by almost a factor of 3, which cannot be explained simply by
thermal terms in (8.3).

We have described the data shown in Figs. 8.3 and 8.6 by A. Buzdin’s theoretical
model [4, 14] that includes additional depairing processes, which increase &g, and
decrease &g;. Because our F layer is an alloy, the role of magnetic scattering in
the junction barrier is important [16]. Magnetic inhomogeneities due to Ni-rich
clusters [17,18] are known to exist in Cu;—xNiy films for x close to 0.5. For such Ni
concentrations, the Curie temperature is small, and we may expect that the inverse
spin-flip scattering time /7! could be of the order of the average exchange field
E or even larger. Spin-flip scattering due to ferromagnetic domain walls may
contribute too [19]. This circumstance strongly modifies the proximity effect in
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Fig. 8.7 Anomalous temperature dependences of the SFS junction critical current density at
various Ni content (x = 0.52, 0.53 and 0.57) in Cu;_¢Niy-interlayers of Nb—Cu;_4Ni,—Nb
sandwiches with thickness d close to value corresponding to the reverse transition from the 7-
to O-state. The inset in the upper panel shows a schematic picture of the cross-section of the SFS
junction. The inset in the middle panel is an example of Curie temperature detection by means of
the anomalous Hall effect measurements of saturation magnetization

SF systems. The role of spin-orbit scattering should be neglected for the Cu;_Niy
alloys since it is only substantial in ferromagnets with large atomic numbers Z. To
take into account the magnetic scattering in the framework of the Usadel equations,
it is necessary to add the term G#/tg together with temperature (the Matsubara
frequencies @) and exchange energy [20], where G is the normal Green’s function.
Then the Usadel equation for sufficiently high interface transparency is written as

in® — — =0, 8.4
sin > 9 (8.4)

( . hcos@) hD 3*0
o+ ik + ——

Ts
where cos® and sin® appear due to usual parameterization of the Green’s

functions: G = cos®(x) and F = sin®@(x). The normal Green’s function
is temperature dependent and so the spin-flip term G#/7; has also temperature
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dependence. An exact expression for the thickness and temperature dependence
of the critical current in SFS junctions can be found in [14]. Calculated curves
based on this exact expression shown by dashed lines in Fig. 8.6 and by solid line
in Fig. 8.3. The dashed line in Fig. 8.3 shows a fitting by the following simple
expression obtained from the linearized Usadel equation:

(g [ (5) + (6) (8]
Jje=exp|——)|cos| — )+ | —])sin|{ —)|. (8.5)
‘ p( Er1 Em 1353 1353
One can see that (8.5) satisfactorily describes the thickness dependence of the
SES junction critical current. However, it cannot describe significant temperature
dependence close to d. . and temperature-driven 0 — 7 transitions. Really,

expressions for coherence lengths obtained from the linearized Usadel equation have
not significant temperature dependence:

1 [Ea \/1+(a)+ h )Zi(er h) 56)
EFI,Z hD Eex Eexts Eex Eextg ’ .

For the case Eex >> kgT, the expressions (9.6) can be written as

L _ /L 1+ h 2:t h (8.7)
EF1,2 N hD Eexts Eex":s ' .

The values of &g = 1.3 nm and &g, = 3.5 nm estimated above can be obtained for
h/ts = 1.33 Ex and Ec/ kg = 850 K. These parameters also yield good agreement
in the case of fitting of the experimental data on base of the exact expression (shown
by dashed lines in Fig. 8.6 and by solid line in Fig. 8.3).

8.3 Phase-Sensitive Experiments: Phase Inversion
and Spontaneous Magnetic Flux

We have suggested and applied several experimental phase-sensitive methods for
direct observations of the transition to the m-state. The most direct and simple
way to detect the phase difference shift introduced by the SFS m-junctions is to
study the magnetic field dependences of w-junction interferometer characteristics.
Figure 8.8 shows real and schematic pictures of the network of SFS sandwiches
(Nb-Cuyg 46Nig 54-Nb) that was used in the first our phase-sensitive experiment [21].
We have proposed this multiply-connected structure consisting of five identical SFS
junctions arranged into two loops like a simplest symmetric intrinsically frustrated
interferometer. The total phase change along the each interferometer loop should be
a multiple of 2.
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Fig. 8.8 Real (left panel) and schematic (right panel) pictures of the network of five SFS
sandwiches, which was used in the phase-sensitive experiment [21]

Therefore, additional (to an intrinsic 37-shift provided by the 7-junctions) phase
change should appear across the junctions, resulting in the circulating supercurrent
of two possible directions. The SFS junctions in the fabricated structure demonstrate
transition to the m-state at 7, = 2.2K. Above this temperature (0-state), the
magnetic field dependence of the interferometer critical current, I,,(H), was
practically the same like one for dc-SQUID (see Fig. 8.9a). Periodical maximal
peaks were observed at external fields corresponding to an integer number of the
magnetic flux quanta @, per cell, i.e., integer frustration parameters [ = @/®.
Also small peaks can be seen at half-integer values of the frustration parameter f.
These secondary peaks result from the phase interference over the outer loop of the
net structure, which is twice the unit cell [22,23]. At temperatures below T, i.e.
in the 7-state, the Iy, (H) pattern was found to be shifted by exactly half a period
(Fig. 8.9b).

A physical picture of the effect observed in the m-state is the following. At
f =0 and other integer values of f, there is a circulating spontaneous current
close to the SFS junctions critical current, /., which flows in the outer double
loop of the interferometer. The current induces the extra phase shift 2 x 7/2 in
each interferometer cell and compensates the odd number of m-shifts in them.
Because initially the interferometer is in the spontaneous fully frustrated state, the
maximal interferometer transport supercurrent, I, is close to zero at H = 0.
The external magnetic flux equal to half-integer quanta @, per cell produces the
necessary phase shift of 7 in each cell without any circulating currents in the
structure, so I, reaches maxima at half-integer frustration parameters. The I1,(T)
dependence at H = 0, shown in Fig. 8.10a, mimics the /.(7") dependence for
single junctions (see Fig. 8.6) and demonstrates a sharp cusp at the temperature 75
of the transition into the m-state. However, one should keep in mind that the left
and right branches of the /,,(H = 0, T') dependence are intrinsically asymmetric:
while the high-temperature branch corresponds to the temperature dependence of
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Fig. 8.9 Magnetic field dependences of the critical transport current for the structure depicted in
Fig. 8.8 at temperature above (a) and below (b) 7, [21]
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Fig. 8.10 (a) Temperature dependence of the interferometer critical transport current in the

absence of applied magnetic field; (b) temperature dependence and jump of the maximal peak
position on the /,(®)-dependences [21]

the doubled junction critical current, the low-temperature branch corresponds to the
temperature dependence of the small peak amplitude only. Figure 8.10b shows the
maximal peaks positions before and after the 0 — m transition and demonstrates
the sharpness of this transition.

Structures including exclusively SFS-junctions hardly could find practical appli-
cations due to their low normal-state resistance. In [24], a Josephson junction
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inverter was suggested as a superconducting analog of the complementary metal-
oxide-semiconductor (CMOS) logic. It relies on using two-junction interferometers
(dc-SQUIDs) of conventional (0-junctions) and m-types and requires that 0- and
m-junctions have similar /. and normal-state resistance. These technologically strin-
gent requirements can be softened by using an alternative “asymmetric” approach,
which employs m-junctions as passive phase shifters (phase inverters) in basic
cells of the modified single-flux-quantum (SFQ) logic [25]. Here, the w-junction
critical current /. is chosen to be much larger than that of conventional tunnel O-
junctions employed in the very same SFQ cell, so the phase difference across the
m-junction is always close to  even at zero magnetic field. As the total change of
the order parameter’s phase over the closed path must become a multiple of 27, the
“missing” phase difference of & or —x is induced on the remaining part of the cell
by a spontaneously generated superconducting current. To verify the operation of
m-junction phase shifters in an analog regime [26], we fabricated two geometrically
identical superconducting loops (see schematic in Fig. 8.11a,b) on a single Si
substrate (see Fig. 8.11c). The circuit Fig. 8.11b is a two-junction interferometer
(dc-SQUID). The configuration of the circuit in Fig. 8.11a is nominally identical
to that in Fig. 8.11b, except that an SFS z-junction has been inserted in the left
branch of the loop, seen in the lower left corner of the circuit image in Fig. 8.11c.
The on-chip distance between the centers of the two loops is 140 um, so both
interferometers are exposed to the same magnetic field during the experiment.
The m-junction critical current is much larger than those of the tunnel junctions.
Therefore, during the dynamic switchings in the rest of the circuit, w-junctions do
not introduce any noticeable phase shifts deviating from 7.

The dependencies of the critical currents I.(H) of the two devices shown in
Fig. 8.11a, b are presented in Fig. 8.11e. Whereas both curves have the same
shape, they are shifted by a half-period. A small offset of the symmetry axes for
both curves from the zero-field value is due to a residual magnetic field in the
cryostat. The minimum of the red I.(H) curve at zero field is due to inclusion
of the m-junction in the superconducting loop. In the conventional SQUID, the
same frustrated state exists at an external magnetic field corresponding to half-
integer numbers of magnetic flux quanta per cell. Thus, embedding an SFS 7-phase
shifter into a superconducting loop indeed leads to self-biasing of the loop by a
spontaneously induced supercurrent.

The next phase-sensitive experiment was related to measurements of the current-
phase relation (CPR) of an SFS Josephson junction [27] that demonstrated directly
the sign change in the critical current when the junction undergoes a transition
into the m-state below a temperature 7}, at which the critical current vanishes. The
CPR was measured in the rf-SQUID configuration [28] shown in Fig. 8.12a. A dc-
SQUID galvanometer was used to measure the current /i that flows through the
superconducting loop as a function of the current / applied across the junction. The
CPR function /Ij(¢) is related to / and I by

2nd ()
I =1 L=IL|— —, 8.8
1) + I J(@o)+L (8.8)
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Fig. 8.11 Complementary dc-SQUIDs. (a) Schematic of a complementary de-SQUID employing
two conventional Josephson junctions (red crosses) and a w-junction (orange star). (b) Schematic
of a conventional dc-SQUID used as a reference device. (¢) An SEM micrograph of the fabricated
dc-SQUIDs. The ferromagnetic layer is shown in orange. (d) Schematic cross-section through an
SES m-junction. (e) Dependencies of the critical currents of the devices shown in (¢) vs. the applied
magnetic flux. The red curve related to the w-SQUID is shifted by half a period. Modulation
amplitude is limited, as the factor 2LI, ~ 0.85 ®,. [26]
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where @, the total magnetic flux in the loop, is related to the junction phase ¢ =
2n® /P, by the phase constraint around the rf-SQUID loop, and to I}, = & /L
provided that there is no external flux linking the SQUID loop.

For this phase-sensitive measurement [27], the SFS m-junction was incorporated
into an rf-SQUID loop with inductance L &~ 1nH. This loop was fabricated in the
shape of a planar washer, which was coupled to a commercial dc SQUID sensor.
As current [ is applied across the SFS junction, the magnetic flux in the loop is
modulated due to the winding of the phase of the Josephson junction according
to (8.8). The curves are strongly hysteretic at 7 = 4.2 K and at low temperatures
(Fig. 8.12b) were the junction critical current /. is large and SQUID parameter 1, =
2L/ @y is larger than unity. They become nonhysteretic in the temperature range
from 3.7 to 3.5 K. Figure 8.13 shows in detail this temperature range for which —1 <
BL < 1. At T = 3.59K, there is no discernible modulation in @ indicating that
I. = 0, and we identify this as the 0 — & junction transition temperature 7. The
most striking feature of the data in Figs. 8.12 and 8.13 is that the relative phase of
the modulation abruptly changes by 7 as the temperature is varied from above to
below T,. Due to the presence of stray residual magnetic fields (~10 mG) in the
cryostat, the phase of the modulation (and hence the junction phase difference) is
not in general zero for zero-applied current and varies slightly with temperature.

As can be seen in (8.8), the current-phase relation can be directly extracted from
the data in Fig. 8.13 by subtracting the linear flux term and taking account of any
phase shifts arising from background fields. The CPR for several temperatures near
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Fig. 8.13 Modulation of the magnetic flux in the rf SQUID loop as a function of current applied
across the SFS junction for a series of temperatures. As the temperature is lowered, the critical
current vanishes at 7 = 3.59 K, below which the modulation shifts phase by . Curves offset for
clarity [27]

T is shown in Fig. 8.14. The CPR has a sinusoidal form. At 7, = 3.59K, only
aperiodic fluctuations of the current are observed, which limit the resolution of our
critical current measurements to ~10nA. The CPR curves for temperatures above
and below T, are out of phase by 7, verifying that the critical current of the SFS
Josephson junction changes sign at 75,.

One more Josephson interferometer in form of distributed 0 — w-junction was
realized in [29]. The SFS junction had variations in the effective barrier thickness
(as it is shown schematically in Fig. 8.15a), and the ferromagnetic layer thickness
was chosen near the first 0—r—transition thickness d.; (see Fig. 8.3). Measurements
of the critical current /. vs. the applied magnetic flux @ threading the junction
barrier reveal that the critical current distribution is not uniform across the junction.
Figure 8.15b shows a series of I.(®) curves in the temperature range 1.4-4.2K for
a 10 x 10 pm? junction. At T = 4.2K, I.(®) has a Fraunhofer-like shape but
with nonvanishing supercurrents at the side minima. This can occur in a junction
with a localized region of high critical current density. In the temperature interval
1.4-1.9 K, a minimum in the critical current is observed at zero field, indicating that
regions of opposite-polarity critical current density exist in the junction.

The temperature evolution of the /.(®) patterns indicates that some fraction
of the junction width makes a transition from the O state to the m-state as
the temperature is lowered, while the remaining part stays in the O state. The
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Fig. 8.14 Current-phase relation derived from the rf-SQUID modulation curves of Fig. 8.13
showing the transition to a 77 -state as the temperature is lowered [27]

critical current nonuniformity likely arises from spatial variations in the barrier
thickness across the junction but could also be caused by inhomogeneities in the
ferromagnet exchange energy or by variations in the S—F interface transparency
[30]. Figure 8.15a shows the step barrier geometry deduced by fitting the measured
diffraction patterns in Fig. 8.15b within the short junction approximation in which
magnetic fields from the junction current are neglected. We obtain good agreement
as demonstrated in Fig. 8.1c. It is not surprising that the small 6 A step has such
a dramatic effect on the diffraction patterns since close to the 0 — 7 transition the
critical current density in our junctions changes by 1,000 A/cm? per 1 nm change in
the barrier thickness. For the barrier profile in Fig. 8.15a and the experimental data
(Fig. 8.3) for j.(dF), we use (8.5) and (8.2) to calculate the temperature dependences
of the zero-field critical currents I.; of the thin narrow region, /., of the wide
thick region, and /., the total junction critical current. We have obtained that /.
is relatively constant while /., decreases and changes sign at 7 ~ 2.1 K, causing
the I to vanish at 7o ~ 1.55 K. However, measurements plotted in Fig. 8.15b show
that I.(® = 0) does not go fully to zero at Ty, instead reaching a minimum value
of ~ 10 WA, suggesting that the short-junction approximation is not fully valid. This
phenomenon can be explained by self-field effects that must be taken into account
in finite-width 0 — m-junctions. At temperatures close to 77, spontaneous currents
circulate around interfaces between 0- and w-regions to lower the total energy of the
system. These circulating currents generate magnetic flux through the junction that
prevents the total critical current from vanishing at any applied magnetic field. For
long 0 — m-junctions, this magnetic flux should be equal to &/2 [31,32].

All previous experiments described in this chapter show undoubtedly that the -
junction is a source of spontaneous currents and magnetic flux in superconducting
networks. In [33], a scanning SQUID-microscope (SSM) was used to image
the spontaneous zero-field currents in superconducting networks of temperature-
controlled SFS 7-junctions.
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Fig. 8.15 (a) Stepped ferromagnetic barrier deduced from critical current vs. applied magnetic
flux measurements. (b) Diffraction patterns at a series of temperatures showing deviations from
Fraunhofer behavior at low temperatures. (¢) Simulated diffraction patterns using the deduced
ferromagnetic barrier profile [29]

As we have shown in [21] (see Figs. 8.8 and 8.9), a remarkable manifestation
of the m-state of Josephson junctions is the generation of spontaneous persistent
currents in superconducting loops incorporating odd numbers of m-junctions. Such
currents are called spontaneous because no applied magnetic fields or power sources
are required to create or sustain them. These currents arise to satisfy the fluxoid
quantization conditions in the loops in response to the -shifts across the junctions
[1,31].

We fabricated two-dimensional square arrays of SFS Josephson junctions with
various geometries. The periodicity of the arrays was 30 wm, with each cell having
an open area of 15 x 15 um?, corresponding to a geometric inductance of ~ 25 pH.
In each array, some of the cells were frustrated with three w-junctions (Fig. 8.16a,
right diagram in Fig. 8.16b and red cells in Fig. 8.17), whereas other cells had
four m-junctions (left diagram in Fig. 8.16b and white cells in Fig. 8.17) and
were therefore unfrustrated (Fig. 8.16b). In the unfrustrated cells, the ground-state
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Fig. 8.16 m-junction arrays. (a) Schematic diagram of a single frustrated array cell. Ferromag-
netic CuNi layers windowed by a SiO layer (not shown) are sandwiched between cross-shaped
superconducting Nb electrodes to form SFS junctions. (b) In an unfrustrated cell with an even
number of -junctions, the spontaneous flux is zero in the lowest-energy state; in a frustrated cell
with an odd number of 7-junctions, spontaneous currents generate magnetic flux of order =@ /2.
(c) Optical image of a 6 X 6 fully frustrated array. (d) SSM image of an unfrustrated array in small
applied magnetic flux (<< /2 per cell) showing contrast from superconducting niobium. (e)
SSM image of a fully frustrated 6 X 6 array in the w-state with zero-applied field. The vertical
magnetic-field scale is not accurately calibrated but is approximately in units of m@®, detected by
the SQUID [33]

configuration corresponds to each junction being in its lowest energy state with no
circulating current. In contrast, frustrated cells (with sufficient inductance) require
a spontaneous current to maintain fluxoid quantization and minimize their energy.
Therefore, although screening currents may circulate in all cells in the presence of
applied magnetic fields, spontaneous currents appear only in frustrated cells.

The scanning SQUID-microscope (SSM) measured the average vertical magnetic
field in a superconductor pickup loop scanned over the surface of a planar
sample. The pickup loop, which was coupled to a de-SQUID detector through a
superconducting flux transformer, was fabricated on a Si wafer that was beveled
to form a tip. The sensor assembly was hinged so that it rested at a small angle
(~ 5°) from the substrate with the tip in contact with the surface, maintaining
the pickup coil at a distance of 2-3 wm from the surface. The SSM had a spatial
resolution of 5-10 wm, determined by the size of the pickup loop, and a magnetic
flux sensitivity of 107> ®. After the residual magnetic field in the cryostat was
compensated with the magnetic field applied from a Helmholtz coil to yield net zero
magnetic field, images of unfrustrated arrays showed no contrast at all temperatures.
However, in a magnetic field of 1-5 mG, below the threshold field at which magnetic
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Fig. 8.17 SSM images of various 2X 2 arrays in the -state at 77 = 1.5 K with diagrams indicating
the frustration patterns. In zero-applied magnetic field, spontaneous currents are detected only in
frustrated (dark) cells. Different colors show opposite signs of spontaneous magnetic flux [33]

field-induced vortices enter the array, the array structure became visible because the
superconducting islands screen the inductance of the SQUID pickup coil, as shown
in Fig. 8.16d for a 6 x 6 cell array. In contrast, all w-junction arrays with frustrated
cells showed spontaneous circulating currents. As an example, Fig. 8.16e shows an
SSM image of a uniformly frustrated 6 x 6 array cooled below the r-state transition
temperature in zero magnetic field. Over most of the array, the arrangement of
spontaneous currents was antiferromagnetic, with the direction of the spontaneous
currents alternating in adjacent array cells to produce a checkerboard magnetic
flux pattern, as expected for the ground state configuration (Fig. 8.17). However,
deviations from antiferromagnetic patterns were often observed because arrays
could cool into metastable excited states in which one or more spontaneous currents
are flipped.

We could monitor the onset of spontaneous currents in an array by taking images
at a series of different temperatures. We expected such currents to onset only below
the m-state transition temperature 7, of the individual junctions in the array. To
estimate 7, we measured the temperature dependence of the critical current of
a single isolated SFS junction fabricated on the same chip. The critical current,
obtained from the current—voltage characteristics as shown in Fig. 8.18 (upper
panel), vanished at 7 ~ 2.8 — 2.9K, which we identify as 7. The temperature
evolution of spontaneous currents in a 6 x 6 checkerboard-frustrated array is shown
in Fig. 8.18 (lower panel). No spontaneous currents were observed at temperatures
well above T,. The nucleation of spontaneous currents in multiply connected
circuits incorporating m-junctions depends on the energy balance between the
Josephson coupling energies of the junctions E; = 1.9y/(2m) and the magnetic
field energy in the loops E; = LI?/2 associated with the circulating current /. After
we cooled to T = 2.8 K, just below the expected transition into the m-state, flux
from spontaneous currents could be discerned but individual vortices could not be
resolved. The reason is that the critical currents of SFS junctions become very small
close to T, so the ratio £ / Ey << 1, making the characteristic size of the vortices
much larger than a single cell. In this regime, the spontaneous flux generated by
each frustrated cell is much smaller than 0.5®, (by roughly a factor of Ej/EL).
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Because in the vicinity of 7, temperature variations of order 0.1-1.0K result in
two to three orders of magnitude change in Ej, m-junction arrays are suitable
for tunable vortex dynamics experiments, which were previously possible only at
temperatures close to the superconducting critical temperature 7. At temperatures
well below T, the spontaneous currents are bigger, and the checkerboard frustration
can be resolved. In Fig. 8.18 (lower panel), we plotted the r.m.s. SQUID voltage
obtained by averaging the SSM signal over the array at different temperatures. There
is an onset of spontaneous current that occurs at 7 ~ 3 K. For comparison, on
the same graph we show the calculated temperature dependence for the onset of
spontaneous magnetization in an isolated cell frustrated by a single w-junction [1].
The parameters of the junction were chosen to give an onset of flux near that
observed in the array. We found that the onset of flux in the array is substantially
broader than that for a single loop owing to variations in the SFS junction barrier
thicknesses and corresponding spread in 77, values of individual junctions. The ratio
of the Josephson coupling energy Ej to the inductive energy E} required to generate
a magnetic flux of 0.5 @y is Ej/EL = (I.Dy/27)/ (@02/8712L) A 5 at our lowest
achievable temperature 7" = 1.5K, from which we estimate that the spontaneous
magnetic flux in each frustrated cell reaches 0.4 @y.
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8.4 Applications of Superconducting Phase Inverters

High operation speed and low energy consumption may allow the superconducting
digital single flux quantum (SFQ-) circuits to outperform traditional semiconductor
CMOS logic. The remaining major obstacle to high density of elements on chip is
a relatively large cell size necessary to hold a magnetic flux quantum @y. Inserting
a Josephson m-junction in the cell is equivalent to applying flux @,/2, and thus
makes it possible to solve this problem [25]. Moreover, using r-junctions in super-
conducting qubits may help to protect them from noise [34, 35]. In this section we
demonstrate the operation of both classical (digital) and quantum superconducting
circuits, which utilized rr-phase inverters realized using SFS junctions.

In superconducting circuits, currents can flow without applying any electric
field. The role of the electrostatic potential difference required to drive a current
in conventional circuits is played here by a difference ¢ between the phases of
the superconducting order parameters of the electrodes. For conventional supercon-
ducting junctions, ¢ is zero in the absence of current. Thus, the m-junction is a
unique element, which can be applied like an intrinsic bias source and a passive
phase inverter in superconducting electronics. Several ideas for the realization
of a well-defined phase shift have recently been considered [36-38]. The SFQ-
circuits with complementary active elements, i.e. w-junctions, were first realized
using high-T7, superconductor (HTS) junctions with unconventional d -wave pairing
symmetry ensuring the phase shift of & [37]. Operation of a circuit with another
(passive) type of the phase shifting element based on a superconducting loop with
trapped magnetic flux [36] has been demonstrated in [38]. In contrast to HTS
m-junctions, the phase-shifters based on the SFS m-junctions are highly compatible
with conventional low-T, Nb fabrication technology. Moreover, in comparison with
the phase-shifting loops with trapped magnetic flux [38], the circuits with the
integrated SFS m-junctions do not require setting of the well-defined number of
flux quanta in the loop and have more compact and simple design. The main
problem of potential integration of the SFQ and quantum (qubit) circuits with
the goal of efficient control and readout of the qubit is the reduction of noise,
which is generated by SFQ modules [39,40]. This noise may significantly decohere
the Josephson qubits, so the problem of the noise reduction requires a profound
modification of the schemes and its parameter values, in order to preserve the
qubit coherence and reduce the power dissipation. The noise reduction and the
safe transfer of rather weak signals between different parts of integrated circuit
require the implementation of Josephson junctions with relatively small values of
their critical currents /c. To ensure the Josephson phase drop necessary for the SFQ
data storing, the corresponding values of the inductances should be proportionally
increased (L o< Ig ) and, as a consequence, the circuit area is significantly
expanded, which make circuits noise sensitive. In this case, the compact circuit
design can be realized by replacing the geometrically large storing inductances
with relatively compact phase shifting elements. This makes the integrated circuits
potentially less sensitive to external electromagnetic noise.
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Fig. 8.19 Microphotographs of the dc-interferometers: (a) dc-interferometer of conventional type
and (b) dc-interferometer with integrated SFS m-junction. The insets show the electric diagrams of
these circuits [41]

The first realization of the SFQ circuits with integrated m-phase shifters based
on the SFS Josephson junctions was carried out by us as one can see in [26,41].
The SFQ logic circuits enable processing of information in the form of single
flux quanta @,, which can be stored in elementary superconducting cells including
inductors and Josephson junctions. Dynamically, this information is represented by
SFQ voltage pulses [42] having a quantized area f V(t)dt = &y and corresponding
to the transfer of one flux quantum across a Josephson junction. The large storing
inductance which is fed by dc current ensuring bistable operation in the conventional
SFQ Toggle Flip Flop (TFF) circuit was replaced by the SFS z-junction adding to
the TFF loop the well defined phase shift equal to .

First, to prove the correct functioning of SFS r-junctions themselves, the
standalone dc-interferometers were realized on the same chip. Microphotographs
of these dc-interferometers with/without integrated m-junction are shown in the
Fig. 8.19. Layout and circuit parameters of the dc-interferometer with integrated
m-junction were identical to the layout and parameters of the elements forming
quantizing interferometer in the TFF circuit. Josephson junctions in the interfer-
ometer were designed to be about /. = 20 pA. The critical current of the SFS
m-junction exceeded approximately 20 times the critical current of each SIS tunnel
junction used in the dc-interferometer.

Small value of a dimensionless SQUID parameter 81, < 1 provided sufficiently
large modulation depth of the interferometer’s critical current versus externally
applied magnetic field.

Figure 8.20 presents two traces of the measured voltage-flux characteristics of
the dc-interferometer without and with integrated 7-junction. In this experiment,
we fed through the interferometer inductance a ramp current Jsyeep, Which served
as an external flux source. The interferometer junctions were biased by additional
dc current source. We measured the voltage peaks across the interferometer,
which correspond to maximum suppression of the interferometer critical current
at ® = (2m + 1) @y/2, where m is integer number. The shape of the voltage-flux
characteristic shown in the Fig. 8.20a is close to the theoretically predicted relation
for the two-junctions dc-interferometer. The dc-interferometer with integrated
m-junction has the maximum suppression of its critical current at integer-valued
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Fig. 8.20 Voltage-flux a
characteristics of the
dc-interferometers: (a) of
conventional interferometer
and (b) of the
dc-interferometer with SFS
mr-junction integrated in the
interferometer loop [41]
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flux, ® = m®,. The voltage-flux characteristic in Fig. 8.20b is modified due to
the presence of correctly functioning w-phase shifter and the resulting curve is the
complementary to the previous one, i.e. ® — @ + @y/2.

Fabrication of the integrated TFF circuits has started with preparation of
conventional SFQ-part [43]. The SFS junctions were placed between Nb-wiring
nodes and they were co-fabricated directly after the wiring layer definition. The
SES fabrication process includes the standard technological steps described above.
The thickness of the ferromagnetic layer was chosen so that the critical current
of the SFS m-junction was sufficiently larger than the critical current of the
conventional SIS junctions in the circuit. Only upon this condition does the SFS
junction operate as a static phase inverter, and the phase difference across it
does not change during the phase evolution in the SFQ cell. The critical current
density of the Nb—CuNi-Nb r-junction has a sharp maximum ~1,000 A cm™? at
dr = 12-13nm (see Fig. 8.3). This F-layer thickness is very close to the critical
thickness d.; = 11nm of the transition from the conventional to the m-state. To
realize SFS junctions, which have remained reliably in the r-state in the temperature
range 3K < T < 5K, we have chosen a CuNi layer thickness of 13—15nm to
obtain a critical current density j. larger than 100 A cm™2. The cross section of
an externally shunted Josephson tunnel junction integrated with an SES junction is
shown in Fig. 8.21.

The toggle flip-flop circuit is a one of the key modules of any digital circuit based
on the SFQ logic [42,44]. We have designed and fabricated the TFF circuit, where
the large quantizing inductance has been replaced by SFS 7 -junction (see schematic
and image of the TFF core cell in Fig. 8.22a, b).

Our TFF consists of two interferometer loops, one acting as a signal splitter
(junctions J; and J,), while the other acting as a memory cell for the TFF states
(junctions J3 and J4 and m-junction). The TFF has two stable equivalent states,
which are differ by direction of currents circulating in the interferometers loops. In
the conventional TFF circuit, the equivalence of its states is set up by dc current
through the storing inductance providing phase drop equal to 7. The TFF with
integrated w-junction does not require such additional asymmetric bias and due to
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Fig. 8.21 Cross-section (not in scale) of externally shunted Josephson tunnel junction and
integrated SES 7-junction [41]
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Fig. 8.22 (a) Schematic of the TFF circuit with the integrated SFS m-junction junction and (b)
optical microphotograph of the circuit core [41]

inherent symmetry can stably operate in a wider parameter range. The functionality
of the TFF can be considered as a simultaneous switching of the junctions of two
decision elements compound by pair of Josephson junctions (junctions J;, J; and
1>, Jy). If the direction of the circulating current in the storing interferometer is
anticlockwise and in the interferometer with the junctions J; and J, and 7-junction
is clockwise, the junction J5 in the first (J1, J3) decision element and the junction J,
in the second (J,, J4) decision element are forced to switch then SFQ pulse applied.
As a result, the directions of the circulating currents in the interferometer loops
change and the junctions J; and J4 are forced to switch by the next incoming SFQ
pulse. So, in case of the correct circuit functionality, the junctions J; —J4 switches at
twice lower frequency in comparison with the input frequency, thus the TFF acts as
a frequency divider.
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Fig. 8.23 Time traces of the TFF complementary output signals (Vou, Vourz). Each of the output
traces Vou and Voup has a period four times longer than that of the input signal /j;,. The mutual
time shift of the output signals Vi, and Vo corresponds to exactly one period of the input signal
I [41]

The entire integrated circuit consists of 36 Josephson junctions. The input of
the TFF circuit is connected to the dc/SFQ converter circuit and the TFF outputs to
the SFQ/dc converter circuits [44]. The TFF toggles between its two states under the
application of an SFQ pulse. This SFQ pulse is generated by a dc/SFQ converter and
is transferred to TFF through a Josephson transmission line (JTL) [42]. Figure 8.23
shows the time traces of the input and output signals confirming correct operation
of the TFF circuit. The drive signal applied to dc/SFQ converter (trace /;,) creates
one SFQ pulse per period of the drive signal, time referenced to its rising ramps. If
the first SFQ pulse coming from dc/SFQ converter switches the junctions J3 and J»,
the second one switches J4 and J;. The SFQ pulses generated by Js and J4 are
transferred via individual JTLs to SFQ/dc converter circuits and converted into the
voltage signals (traces Vou1, Vourz). Each of the output signal traces Voye and Voye
has a period four times longer than that of the input drive signal 7;,. This behavior
originates from the pulse rate division by two sequentially connected TFFs. The
first one is the TFF of the novel design with integrated SFS m-junction and the
second one is the TFF of conventional design included in the respective SFQ/dc
converter. As expected, the mutual time shift of the output signals Vi and Voyp
corresponds to exactly one period of the input signal /j,. The tested circuit including
TFF cell and dc/SFQ and SFQ/dc converters demonstrated correct functionality
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with the bias currents margins of about +=20%. The obtained operation margin is in
the good agreement with simulated value for the SFQ/dc converter and yet smaller
than one can expect for the TFF with integrated SFS m-junction. Our circuit has a
common bias supply line, so the operation range of the TFF cell with integrated SFS
m-junction cannot be characterized separately. As was shown in simulations [37],
the operation range of such integrated SFQ circuits can be significantly extended
and their stability improved.

Another attractive application of SFS m-junctions is their use as phase shifters in
coherent quantum circuits realizing superconducting quantum bits. The answer to
the question of whether or not w-junctions can become useful in superconducting
circuits designed for quantum computing applications depends on their impact on
the coherence properties of the qubits. Potential sources of decoherence introduced
by the SFS m-junctions can, for instance, be spin-flips in the ferromagnetic barrier
[45], either occurring randomly or being driven by high-frequency currents and
fields, as well as the dynamic response of the magnetic domain structure [46]. We
address these important coherence issues in the following experiment, in which
we use an SFS m-junction to self-bias a superconducting phase qubit. We have
chosen a phase qubit [47] rather than a flux qubit [48] due to the simpler fabrication
procedure for the former. The results reported below would, nevertheless, remain
fully applicable to flux qubits.

A phase qubit [47] consists of a single Josephson junction embedded in a
superconducting loop. It is magnetically biased close to an integer number of flux
quanta in the loop. At such a bias, the potential energy of the qubit exhibits an
asymmetric double-well potential, whereas two quantized energy eigenvalues of
the phase localized inside the shallow well are used as the logical qubit states |0)
and |1). Figure 8.24a shows a circuit schematic and Fig. 8.24b a micrograph of
the tested sample. Here, the m-junction is connected in series to the phase qubit’s
tunnel junction. Coherent qubit operation is demonstrated by the data reported in
Fig. 8.25a, showing Rabi oscillation of the excited qubit state population probability
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Fig. 8.24 Self-biased phase qubit. (a) Schematic of a phase qubit circuit used to test the
decoherence properties of the SFS m-junction. The qubit is realized by the central loop with
embedded conventional and 7-Josephson junctions. The larger loop to its left is a dc-SQUID for
qubit readout. To the right of the qubit is a weakly coupled flux bias coil. (b) Scanning electron
microscope picture of the realized phase qubit employing a r-junction in the qubit loop. The flux
bias coil is not shown [26]
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in dependence on the duration of a resonant microwave pulse. The oscillations
exhibit a decay time of about 4 ns, which is a typical value reachable in samples
fabricated using similar fabrication processes [49].

To find out whether the m-junction does introduce additional decoherence,
a conventional phase qubit without a m-junction was fabricated on the same
wafer. As shown in Fig. 8.25b, this reference qubit shows a nearly identical
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Fig. 8.25 Rabi oscillations between the ground and the excited qubit states resulted from
resonant microwave driving: (a) observed in the phase qubit with embedded -junction and (b) a
conventional phase qubit made on the same wafer as a reference. Each data set was taken using the
indicated microwave power as delivered by the generator, giving rise to a change in the coherent
oscillation frequency as expected for Rabi oscillation [26]
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decay time for Rabi oscillations. Thus, we obtained experimentally that the decay
time limited by m-junction is significantly larger than 4ns. We compared the
measured decoherence time with the theoretical predictions [S0]. We assume here
an overdamped SFS m-junction having a normal resistance of R ~ 500 €2 and a
critical current /¢ ~ 50 pA. In our case, the qubit level splitting A >> 2elcR, where
A ~ h*13.5 GHz, h is the Plank’s constant and e is the elementary charge. Here, the
energy 2elcR & h*12 MHz is associated with characteristic Josephson frequency of
our SFS m-junction. Simplifying the expression for the relaxation time [50] in this
limit, we could theoretically estimate the relaxation time t.x as

A
Trelax = m & 2 ns. (89)

Here, Icn ~ 2pA is the critical current of the small tunnel qubit junction.
However, the estimated value of the energy relaxation time is of the same order
as the measured decoherence time of reference qubit without an SFS 7-junction, so
we can suppose that the decoherence is limited by some other mechanism in both
qubits. We note that the expected relaxation time (8.9) can be enhanced by using
SFS junctions with a smaller resistance R.

As an outlook, a significant reduction in the size of the demonstrated SFS
m-phase shifters for digital circuits is readily possible, opening the way to scaling
superconducting logic circuits down to submicrometer dimensions [25]. The visual-
ization of the magnetic structure of our F-layer material shows domain sizes smaller
than 100 nm (Fig. 8.5). Therefore, we believe that a reduction of the junction planar
dimensions down to 300-500 nm is feasible. Furthermore, combining the high-jc 7-
junction technology with in-situ-grown tunnel barriers [51, 52] may open the way
toward active inverter elements, which are in great demand for superconducting
electronics.
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Chapter 9

Point-Contact Study of the Rare-Earth
Nickel-Borocarbide RNi,B,C

(R =Y, Dy, Ho, Er, Tm, Lu) Superconductors

Yu.G. Naidyuk and I.K. Yanson

Abstract A brief overview of the achievements in point-contact (PC) study of the
superconducting (SC) gap and electron—phonon (boson) interaction (EP(B)I) in the
rare-earth nickel-borocarbide compounds RNi,B,C (R =Y, Dy, Ho, Er, Tm, Lu) is
presented. Compounds with R = Y, Lu are non-magnetic with the highest critical
temperature 7. ~ 16 K, while the remaining are magnetic. For the latter, the energy
scales of antiferromagnetic (AF) and SC order, measured by the Neel temperature
Ty, and T, vary against R over a wide range between ~ 1 and 10 K. The SC gap, its
temperature and magnetic field dependence were studied by PC Andreev reflection
(AR) spectroscopy corroborating a multiband structure of the title compounds. For
R = Er (Tn ~ 6K < T, ~ 11K) directional PC AR study gives evidence for the
two-band (two-gap) nature of SC-ty with a distinct anisotropic decrease of the SC
gaps below Tn. The SC gap in R = Ho (Tx ~ 5.2K < T, & 8.5K) exhibits below
T* ~ 5.6K a standard single-band BCS-like dependence vanishing above 7%,
where a specific magnetic ordering starts to play arole. For R = Tm (Ty ~ 1.5K <
T. ~ 10.5K), a decrease in the SC gap is observed by approaching 7y, while for
R = Dy (In ~ 10.5K > T ~ 6.5K) the SC gap has a BCS-like dependence in
the AF state. PC spectroscopy of EP(B)I spectral function displays both phonon and
crystalline-electric-field (CEF) excitation maxima (the latter between 3 and 10 meV)
for R = Dy, Ho, Er and Tm, while a dominant phonon maximum around 12 meV
and 8.5 meV, correspondingly, is characteristic for R = Y and Lu. Additionally,
non-phonon and non-CEF maxima are observed near 3 meV in R = Ho and 6 meV
in R = Dy. Specific features of the SC gap behaviour and details of the PC EP(B)I
spectra in the mentioned superconductors are discussed.
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9.1 Introduction

The RNi;B,C (R =Y, Dy, Ho, Er, Tm, Lu) family of rare-earth nickel-borocarbide
compounds is extremely interesting from a perspective of research of fundamental
aspects superconductivity and its interplay with magnetic order [1]. These com-
pounds have been attracting much attention since mid 1990s due to their relatively
high critical temperature 7. Superconducting (SC) properties of RNi;B,C often
exhibit unconventional behaviour. Superconductivity and magnetic order are found
to be competing against each other in some of these materials. Thus, these
compounds have been described as “a toy box for solid-state physicists” [2]. As
it was reported in [3], a multiband scenario is required to properly describe the
anomalous temperature dependence of the upper critical field of R =7Y and Lu.
This concept of strongly coupled two-band superconductivity has been widely used
to describe properties of tremendous MgB, and nowadays of iron-oxypnictides
superconductors. The extend of manifestation of mentioned extraordinary properties
of RNi,;B,C strongly depends on stoichiometric composition or atomic disorder
in the samples. Thus, continuous progress in the synthesis of high-quality single
crystals was observed and has given a deeper understanding of their fundamental
physics during the last decade. This applies also to studying of the nature of Cooper
pairing and attractive interaction along with competition of superconducting and
magnetic ordered states. In spite of numerous experiments undertaken to study these
compounds, however, there is still a room for more detailed investigation.

The study of directional behaviour, temperature and magnetic field dependence
of the SC gap can provide an insight into the SC ground state of RNi,B,C. This
work can be done in the most direct way by point-contact (PC) [4], scanning
tunneling or photoemission spectroscopy. The last method has still a low resolution.
The tunneling spectroscopy, however, is too sensitive to the surface or even upper
layers condition. Therefore, nickel borocarbides are mostly studied using, the
remaining one, namely PC spectroscopy. There are more than 20 papers in this field
[5-28]. Besides, PC spectroscopy provides a straightforward information as to the
PC electron—phonon(boson) interaction (EP(B)I) function “%c F(e) [4], which can
be a test for the phonon-mediated superconductivity. In this work, we provide a brief
overview of the efforts in PC studies of the SC gap and EP(B)I spectral function in
rare-earth nickel-borocarbide superconductors RNi,B,C (R =Y, Dy, Ho, Er, Tm,
Lu) focusing most attention on the recent papers [17-28].

9.2 Experimental

Mostly, we review in this article data obtained by studying single crystals. For R =
Y and Lu c-axis oriented films were also measured [17,28]. PC preparation and
details of the measurement technique are given in the corresponding papers [5-28].
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The SC gap was studied by measuring dV//d1 (V) dependences of PCs between a
normal metal and the superconducting borocarbides, showing Andreev reflection
(AR) features. The SC gap magnitude was calculated from dV/dI(V) using in
most cases the standard 1-D BTK theory [29] and a similar theory (in the case
of Er and Lu), which includes the pair breaking effect of magnetic impurities [30].
This is important for the mentioned borocarbides due to the presence of magnetic
moments in rare-earth ions. Comprehensive analysis of the cases beyond simple
1-D BTK model is given in the very recent review on PC spectroscopy of multiband
superconductors [31].

According to the PC spectroscopy theory (see [4], Sect. 3.2), the second
derivative of the I-V curve of R™!'dR/dV type is directly proportional to the EPI

spectral function:

1 dR 8ed

EW( V) = vFO{PCF(S) le=ev » 9.1

where e is the electron charge, d is the PC diameter and vp is the Fermi velocity.
This equation provides an opportunity to study EPI and other bosonic collective
excitations simultaneously in the title compounds with the same PCs. It also allows
estimate the EPI coupling parameter A:

®max

A=2 / aio F(e)e™ de. 9.2)

9.3 Point-Contact Andreev-Reflection Spectroscopy
of the Superconducting Gap

The SC gap gives rise to the appearance of minima on the dV'/dI (V') characteristic
of a normal metal-superconductor contact at 7 << 7T, symmetrically placed at
V ~ +A/e (see inset in Fig. 9.1). Measured dV/dI curves of SC nickel boro-
carbides exhibit a pair of minima as in the case of a single gap. Therefore, single
gap approach is usually used (mainly in the more recent papers) to fit experimental
data (see, e.g., [5-11]). As shown in inset in Fig. 9.1, the one-gap fit describes
experimental dV/dI(V) curve for R = Lu insufficiently, and the correspondence
between the curves is much better by applying a two-gap fit. The same was found by
fitting of dV//dI (V') characteristic measured for R = Lu, Er and Tm single crystals
[18,19,23,26,28]. Moreover, for R = Lu [18, 19] and Er [23,26] a two-gap fit was
applied for dV/dI(V') of PCs established along two main crystallographic directions
demonstrating applicability of two band(gap) model in both cases (Fig. 9.2).

It turned out that the critical temperature 7, corresponding to the small gap
in LuNi;B,C in the BCS extrapolation is 10K in the ab-plane and 14.5K in the
c-direction (see Fig. 9.2). This unusual temperature dependence of this gap by
approaching bulk 7, suggests a weak interband coupling. For the large gap, 7t
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Fig. 9.1 SC gaps behaviour in LuNi,;B,C established by two gaps BTK fit of PC dV/dI curves
for c-axis-oriented film [28]. The fit is done with Z ~ 0.5, weight factor w ~ 0.5 and I" = 0.
Stars denote minimum position in dV/dI. Two dashed lines demonstrate the BCS-like behaviour.
Inset shows one and two-gap fit for the dV//dI curve at the lowest temperature 2.4 K

coincides with the bulk 7. = 16.8 K and absolute gap values extrapolatedto 7" = 0
are about 3 meV in both orientations. In the c-direction, the contributions to the
conductivity from small and large gaps remain almost identical up to 10-11 K, while
the contribution w from the small gap is insignificant and decreases rapidly with
increasing of 7" in the ab-plane [18, 19]. In Figs. 9.1 and 9.2b, it is shown that the
gap value and its behaviour are similar for both c-axis oriented film and c-direction
in the single crystal, what proves the obtained data.

Noteworthy, at least five parameters (two gaps, “barrier strength” Z, “broad-
ening” I and weight factor w showing a relative contribution, e.g., of the small
gap to dV//dI) are used by two-gap approach for the fitting procedure, which
gives room for its variation. Therefore, to get reasonable data, dV'/dI (V) curves
should demonstrate clear AR structure with expressed minima (see, e.g., the inset of
Fig. 9.1) as well as the absence of non-AR features such as spikes, bumps and other
irregularities usually accompanying measured dV/dI(V).

The one-gap fit reasonably describes dV/dI(V') for R = Ho [5,22] as well as
for R = Dy [11]. The obtained A(7T) has a BCS-like temperature dependence in
both cases, but A(T') vanishes at 7* ~ 5.6K for R = Ho, well below the bulk
critical temperature of 7, ~ 8.5 K. The AR minimum in dV/dI(V) is drastically
weakened between T* and T, what makes impossible any BTK fit to obtain the
SC gap value. It was suggested in [22] that superconductivity in the commensurate
antiferromagnetic (AF) phase in the R = Ho compound survived at the special
nearly isotropic Fermi surface sheet. The SC gap suppression above T may be
caused by a peculiar magnetic order, which is developed in this compound between
T* and T, ~ 8.5K. It looks like SC state in this region is very delicate and sensitive
to the (local) disturbing.
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Fig. 9.2 SC gap behaviour in L L AL AR S S
LuNi,B,C obtained in LuNi,B,C
[18,19] by fitting dV/d] S st dly il
curves in the two-gap
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crystallographic directions.
The solid curves show the
BCS-like behaviour

ab-plane

A (meV)

c-direction
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Recently, an interesting peculiar behaviour of A(7) in TmNi;B,C has been
found [21, 27]. The SC gap has a maximum around 5K and decreases below
5K with the decreasing of temperature. This is in line with the behaviour of the
upper critical field along the c-axis. Apparently, AF fluctuations occurring above
the magnetically ordered state at 7y = 1.5K are responsible for the decrease of
the SC gap observed by approaching Ty. Additional interesting behaviour on some
AR spectra was observed for this compound in magnetic field [27], which is very
similar to the reentrant transition in p(7) appearing in magnetic field by lowering
the temperature. For this compound, a two-gap fit is also applicable as it is shown
in [27], when &~ 10% admixture of the small gap (of about 1 meV) is added to the
larger gap (of about 2.6 meV).

As it was shown in [23, 26], the “one-gap” approach to fit the measured high
quality dV/dI(V') curves for ErNi;B,C results in a visible discrepancy between the
fit and dV'/dI (V) at the minima position and at zero bias. At the same time, a “two-
gap” approach fits better the experimental curves for ErNi,B,C. As was mentioned
already, the upper critical field H.>(T) of non-magnetic borocarbides R = Y and
Lu [3] can only be properly described by a two-band model. The finding of two
SC gaps in AF state for ErNiyB,C testifies to similarities in the electronic band
structure in both magnetic and non-magnetic borocarbides, and points to the fact
that superconductivity and magnetism develop in ErNi,B,C in different bands.
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Fig. 9.3 Anisotropic suppression of the larger gap for the c-direction (open circles) in comparison
with the ab-direction (solid circles) for ErNi, B,C by transition to the AF state below 6 K according
to [26]. Dashed line demonstrates BCS-like behaviour

The temperature dependence of the larger gap in ErNi,B,C is shown in Fig. 9.3.
This gap starts to decrease below the Neel temperature. A detailed analysis shows
that this decrease is much more expressed for the c-direction testifying to the
anisotropic suppression of the SC gap in this compound. This phenomenon is
explained by the pair-breaking exchange field generated by spin-density waves,
which reduces the gap for the electrons with wave vectors perpendicular to the
propagation spin-density wave vector in the ab-plane. STM measurements in [32]
and recent laser-photoemission spectroscopy [33] show also a deviation from the
BCS predicted below Ty in ErNiyB,C. The SC gap decrease in the AF state is also
in line with the Machida theory [34] in which a spin-density wave ordering below
Tn competes with superconductivity.

It should be noted that the AF structure in R = Er and Tm nickel borocarbides is
an incommensurate spin-density wave. As it is mentioned in [21,27], A(T") deviates
from the BCS behaviour for R = Tm showing visible decrease below 5K by
approaching Ty ~ 1.5K. On the contrary, R = Ho and Dy compounds with
commensurate AF order display a BCS-like gap [11, 22]. Indeed, measurements
below Ty ~ 1.5K in case of R = Tm are very desirable to observe the similarity
to the Er compound.

Figure 9.4 and Table 9.1 summarize the measurements of the SC gap by PCs
in the title compounds. In average, the SC gap values are placed close to the BCS
value A = 1.76 kg7 taking into account the vanishing of the SC gap in the Ho
borocarbide at T* ~ 5.6 K. A two-gap state is established for R = Lu [18,19,28],

Er [23,26] and Tm [27] and a strong anisotropy of the SC gap (probably due to
multiband SC state) is observed for R = Y [20].
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Fig. 9.4 The SC gap (solid symbols) established by a PC AR study (see also Table 9.1) as a
function of the critical temperature 7, in RNi;B,C. For R = Y, the extremes of the SC gap
distribution are presented, while for R = Lu, Tm and Er the small and large gaps within two-gap
fit are shown. For R = Ho, T is shifted to 7* = 5.6 K (see text for explanation). Open symbols
show the SC gap determined by the tunneling spectroscopy [35,36]. A dashed straight line shows
the BCS ratio

Table 9.1 The SC gap(s) value (in meV) extrapolated to 7 = 0 for RNi,B,C compounds
measured by PCAR spectroscopy. Data for films are also given for R = Y and Lu
One-gap approach
R=Y Dy Ho Er Tm Lu

1.04 £ 0.06 2.6 [110] and 2.4
24240.07[5] 1.0[11] [3] [001] [24,25]

1.7+£02[5] 1.1-1.7[27]
1.95 (ab-plane)
2.36 (c-dir)
0.42 (ab-plane) 0.95 [22] [26]
1.8 (¢-dir) [14]
1.5 (ab-plane)
2.3 (c-dir) [20]

1.5-2.4 (film) [17] 2.6 (film) [28]

Two-gap approach

R =FEr Tm Lu
2.1and 1.1 2.6 and 2.16 and
(ab-plane) 1.0 [27] 3.0 (ab-plane)
2.3and 1.0 1.94 and 3.0
(c-axis) [26] (c-axis) [18,19]
2.14 4 0.36 and

3+ 0.3 (film) [28]
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Fig. 9.5 (a) PC spectra of L . !
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9.4 PC Spectroscopy of Electron—Phonon (BOSON) Interaction

Nonmagnetic compounds. The spectra of the nonmagnetic YNi;B,C show a dom-
inant maximum at about 12mV and a broad shallow hump or a kink positioned
close to 50mV (Fig. 9.5a). These features have a counterpart in the phonon
density of states (DoS) of YNi;B,C [37]. The PC spectra are similar both for
single crystals [20] and films [17]. YNi, B,C homocontacts also demonstrate similar
spectra (Fig. 9.5a). Very recently [28], the PC spectra of LuNi,B,C were measured
in the c-axis oriented films (Fig. 9.5b). The most expressed feature is the maximum
at about 8.5 meV, which perfectly coincides with the position of the first maximum
in the phonon DoS for LuNi;B,C [37]. At the same time, a high energy part of
PC spectra obtained contains no visible features (except broad maximum around
15 meV). It is unlikely that electron interaction with phonons of higher energy above
20meV is so weak, so the reason of featureless spectra in this region is probable
shortening of inelastic electron mean free path / with increasing energy due to strong
EPI, which leads to violation of the spectral regime condition d << [ in PC [4].
Compounds with magnetic ordering. PC EP(B)I spectra in magnetic RNi;B,C
are presented in Fig. 9.6. The most detailed spectra are measured for R = Ho.
Here, the maxima (with the exception of maximum at 3 meV) correspond to those
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in the phonon DoS of the isostructural compound LuNi;B,C [37]. The majority
of the PC spectra in HoNi;B,C demonstrate a prominent 10-mV peak [22], while
the other phonon maxima do not become apparent. The unique spectrum for this
compound (see Fig. 9.3 in [22]) displays also pronounced highenergy maxima
around 50 and 100 mV, which were not so clearly resolved in the PC spectra of other
nickel borocarbides so far. The low energy maximum around 3 mV in R = Ho and
6mV in R = Dy (Fig. 9.6) has not any respective reference in the phonon DoS
nor in the crystal-electric-field (CEF) energy scheme [38]; therefore, it has non-
phonon and non-CEF origin. The 3-mV maximum in R = Ho can be suppressed
anisotropically by a magnetic field [22] and temperature above 10K pointing to
its “magnetic” origin as discussed in [22]. The 6-mV peak in R = Dy vanishing
with increasing of 7" above 15K [12] has probably a similar “magnetic” origin.
Twice as large 6-mV peak position in R = Dy in comparison with 3-mV peak
in R = Ho correlates with two times higher Neel temperature Ty ~ 10.4K in
this compound compared to Ty ~ 5.2K in R = Ho. This testifies that 3mV and
6 mV peculiarities are connected with AF state in some way. It was assumed in
[22] that this phenomenon is connected with destruction of the AF order due to
“heating” by non-equilibrium phonons in PC. In [39], it was suggested that the long
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Fig. 9.7 PC spectrum of TmNi,B,C compound with an additional low energy peak at about 1 mV.
Inset shows position shift of both 1 and 3 mV peaks in a magnetic field [27] that testify their CEF
nature. Phonon structures at about 9 and 15 mV are robust to a magnetic field

range magnetic order can be destroyed isothermally by current, by analogy with the
destruction of superconductivity by critical current.

The first maximum in R = Tm (3mV) and the shoulder in R = Er (6 mV)
corresponds in the position to the first exited CEF level [38]. CEF contributes
apparently also to the 10-mV peak in R = Ho and Dy compounds. In the former
case, this is seen from the modification of the 10-mV peak in a magnetic field (see
Fig. 9.4 in [22]). Interesting phenomena was observed in the PC spectra of R = Tm,
where an additional peak at about 1 mV for some PCs is seen (see Fig. 9.7). The
authors [27] explained this feature as splitting of the original magnetic Tm-ion
ground state doublet into two singlet states due to non-stoichiometry caused by
boron/carbon vacancies or as a result of the quadrupolar ordering [1]. Both effects
lower CEF symmetry resulting in the splitting of the doublet ground state.

The strength of EP(B)I in the investigated compounds can be estimated by
calculation of A (see (10.2)) from the measured PC spectra. The value of A for
all mentioned compounds lies between 0.1 and 0.25 [8, 12,20, 22,27, 28], which is
sufficiently smaller than expected for the superconductors. For instance in [40,41],
by comparison of the effective masses obtained by dHvA measurements with
calculated bare masses, the coupling strength has been estimated in R = Lu
between 0.23 and 2.7 on different Fermi surfaces and for different crystallographic
directions. As mentioned by the same authors, specific heat data on polycrystalline
samples point to A = 0.75-1.2 and resistivity measurements allow to estimate
the transport coupling constant as A, = 0.55-1.1. A = 0.848 is calculated for
R =Y in [42] with numerical accuracy about 10%. The value of A is almost order
of magnitude lower from PC measurements and can be explained in the following
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manner: (1) using in the PC theory a single band free electron model, (2) short
elastic mean free path of electrons /; << d, what results in decreasing of PC
intensity by factor /;/d, 3) shunting conductivity of multiple PCs containing non-
ballistic constrictions. Noteworthy, that discussed parameter Apc can be considered
to be a kind of the transport EPI constant (see Table 9.1 in [4]) and in general its
value can be different from the Eliashberg EPI constant A, whereas in PC spectra
backscattering processes of electrons play the main role [43]. Therefore, it would be
very desirable to compute PC EPI function, though it is a difficult task taking into
account the complicated band structure of title compounds.

The measurements of PC EP(B)I spectra point to the importance of the CEF
excitations in the charge transport as well as to the SC properties of “magnetic”
R = Dy, Ho, Er and Tm borocarbides. For example, the relative contribution of
the 10-mV peak in the EP(B)I constant A for R = Ho is evaluated as 20-30% [22],
while the contribution to A of the high frequency modes at 50 and 100 meV amounts
up to 10% for each maximum.

9.5 Conclusion

The SC gap has been studied using PC AR spectroscopy for a series of the rare-earth
nickel borocarbide superconductors [5-28]. The existence of two SC gaps both in
non-magnetic R = Y, Lu [17-20] and in the magnetic compounds R = Tm [27],
Er [23,26] has been shown. A distinct anisotropic decrease of the both gaps in
R = Er [26] is observed as the temperature is lowered below Ty. For the R = Ho
[22] and Dy [11] compounds with commensurate AF order, the SC gap has a BCS-
like behaviour in the AF state, while for R = Tm the gap starts to decrease by
approaching a magnetic state with incommensurate AF order. The Er compound has
an incommensurate AF order and the gap starts to decrease at lowering temperature
slightly above Ty as well [23]. The discrepancy in the magnetically ordered state
between R = Ho, Dy (commensurate state) and R = Er, Tm (incommensurate
state) results in a different SC gap behaviour. More extensive directional PC
measurements for R = Dy and Ho are desirable to check the presence of multi-
gap superconductivity in these compounds as well. The measurements of PC AR
spectra in R = Tm well below the Neel temperature (1.5 K) are challenging to
study interplay of superconductivity and an AF order.

Using PC spectroscopy, a clear coupling of electrons to the low energy phonon
and CEF excitations has been shown in the title compounds [12,20,22,27,28]. To our
knowledge up to now this is the only experimental technique able to yield energy-
resolved information on the EP(B)I in these compounds. In magnetic R = Dy,
Ho, Er and Tm compounds, the CEF excitations contribute to the EP(B)I function
heavily [22,27]. For R = Ho, the contribution of two high energy modes (50 and
100meV) is also notable [22]. The 50-mV mode can be also resolved for other
compounds, but it looks to much smeared (usually like a knee) as shown in Fig. 9.5a
for R = Y. In this context, we note that the electronic mean free path is shortened
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with increase of the bias voltage due to the EP(B)I. In this case if the EP(B)I is strong
enough, it results in a violation of the ballistic condition (with voltage increase)
necessary for energy resolved spectroscopy by PCs. On the contrary, the high energy
modes involve vibration of light B and C ions. Since the disorder in the position
of B and C light atoms is especially difficult to avoid and control, samples with
improved quality are very desirable for further in-depth investigations of SC gap(s)
and details of EP(B)I. It should be stressed also that from the theoretical point of
view calculation of PC EPI function in the title compounds remains a challenge.
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Chapter 10
Integrated Submm Wave Receiver:
Development and Applications
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and Pavel A. Yagoubov

Abstract A superconducting integrated receiver (SIR) comprises in a single chip
a planar antenna combined with a superconductor-insulator-superconductor (SIS)
mixer, a superconducting Flux Flow Oscillator (FFO) acting as a Local Oscillator
(LO) and a second SIS harmonic mixer (HM) for the FFO phase locking. In
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this report, an overview of the SIR and FFO developments and optimizations is
presented. Improving on the fully Nb-based SIR we have developed and studied
Nb-AIN-NDN circuits, which exhibit an extended operation frequency range. Con-
tinuous tuning of the phase locked frequency has been experimentally demonstrated
at any frequency in the range 350-750 GHz. The FFO free-running linewidth has
been measured between 1 and 5 MHz, which allows to phase lock up to 97% of
the emitted FFO power. The output power of the FFO is sufficient to pump the
matched SIS mixer. Therefore, it is concluded that the Nb—AIN-NbN FFOs are
mature enough for practical applications.

These achievements enabled the development of a 480-650 GHz integrated
receiver for the atmospheric-research instrument TErahertz and submillimeter LImb
Sounder (TELIS). This balloon-borne instrument is a three-channel supercon-
ducting heterodyne spectrometer for the detection of spectral emission lines of
stratospheric trace gases that have their rotational transitions at THz frequencies.
One of the channels is based on the SIR technology. We demonstrate for the
first time the capabilities of the SIR technology for heterodyne spectroscopy in
general, and atmospheric limb sounding in particular. We also show that the
application of SIR technology is not limited to laboratory environments, but that
it is well suited for remote operation under harsh environmental conditions. Light
weight and low power consumption combined with broadband operation and nearly
quantum limited sensitivity make the SIR a perfect candidate for future airborne
and space-borne missions. The noise temperature of the SIR was measured to be
as low as 120K in double sideband operation, with an intermediate frequency
band of 4-8 GHz. The spectral resolution is well below 1MHz, confirmed by
our measurements. Remote control of the SIR under flight conditions has been
demonstrated in a successful balloon flight in Kiruna, Sweden.

Capability of the SIR for high-resolution spectroscopy has been successfully
proven also in a laboratory environment by gas cell measurements. The possibility
to use SIR devices for the medical analysis of exhaled air will be discussed. Many
medically relevant gases have spectral lines in the sub-terahertz range and can be
detected by an SIR-based spectrometer. The SIR can be considered as an operational
device, ready for many applications.

10.1 Introduction

A Superconducting Integrated Receiver (SIR) [1, 2] was proposed more than
10 years ago and has since then been developed up to the point of practical
applications [3-5]. Our approach consists in developing a single chip heterodyne
receiver, which is smaller and less complex than traditional devices. Typically, such
a receiver consists of a number of main components (local oscillator (LO), mixer,
antenna structure, phase lock circuit, etc.), which are usually built as separate units
and are complex (and thus costly). According to our concept (see Fig. 10.1), we
have integrated all these components onto one single chip reducing overall system
complexity in change for increased on-chip and lithographic fabrication complexity.
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Fig. 10.1 Block-diagram of the superconducting integrated receiver

An SIR comprises on one chip all key elements needed for heterodyne detection: a
low-noise superconductor-insulator-superconductor (SIS) mixer with quasi-optical
antenna, a flux-flow oscillator (FFO) [6] acting as an LO and a second SIS harmonic
mixer (HM) for the FFO phase locking. The concept of the SIR is very attractive for
many practical applications because of the compactness and the wide tuning range
of the FFO [7]. Presently, the frequency range of most practical heterodyne receivers
is limited by the tuning range of the LO, typically 10%—-15% for a solid-state
multiplier chain [8]. In the SIR, the bandwidth is determined by the SIS mixer tuning
structure and the matching circuitry between the SIS and the FFO. A bandwidth
up to 30%—40% may be achieved with a twin-junction SIS mixer design. Another
potential advantage is the use of arrays of SIR channels within a single cryostat that
could operate at the same or different LO frequencies.

One of the important practical application of the SIR is TErahertz and sub-
millimeter LImb Sounder (TELIS) [5, 9, 10] — a three-channel balloon-borne
heterodyne spectrometer for atmospheric research developed in a collaboration
of four institutes: Deutsches Zentrum fiir Luft- und Raumfahrt (DLR), Germany,
Rutherford Appleton Laboratories (RAL), United Kingdom, and SRON — Nether-
lands Institute for Space Research, the Netherlands (in tight collaboration with
Kotel’'nikov Institute of Radio Engineering and Electronics, IREE, Moscow). All
three receivers utilize state-of-the-art superconducting heterodyne technology and
operate at 500 GHz (by RAL), at 480—650 GHz (by SRON + IREE), and at 1.8 THz
(by DLR). TELIS is a compact, lightweight instrument capable of providing broad
spectral coverage, high spectral resolution and long flight duration. The TELIS
instrument serves also as a test bed for many novel cryogenic technologies and as a
pathfinder for satellite-based instrumentation.

TELIS is mounted on the same balloon platform as the Fourier transform
spectrometer MIPAS-B [11], developed by IMK (Institute of Meteorology and
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Climate research of the University of Karlsruhe, Germany) and is operated in the
mid-infrared (680-2,400 cm™"). Both instruments observe simultaneously the same
air mass, and together they yield an extensive set of stratospheric constituents that
can be used for detailed analysis of atmospheric chemical models, such as ozone
destruction cycles. In particular, the 480-650 GHz TELIS channel is able to measure
vertical profiles of ClO, BrO, O3 and its rare isotopologues, O,, HCI, HOCI, H,0O
and three rare isotopologues, HO,, NO, N,0O, NO,, HNO3, CH3Cl, and HCN. In
this paper, the design and technology for the 480-650 GHz channel as used in
the flight configuration are presented in conjunction with test results and the first
preliminary scientific results.

10.2 Flux Flow Oscillators

A Josephson Flux Flow Oscillator (FFO) [6] has proven [4, 5, 7] to be the most
developed superconducting LO for integration with an SIS mixer in a single-chip
submm-wave SIR [1-5]. The FFO is a long Josephson tunnel junction of the overlap
geometry (see Fig.10.2) in which an applied dc magnetic field and a dc bias
current, /g, drive a unidirectional flow of fluxons, each containing one magnetic
flux quantum, @y = /1/2e ~ 2 x 107> Wb. Symbol 4 is Planck’s constant and e is
the elementary charge. An integrated control line with current /¢y is used to generate
the dc magnetic field applied to the FFO. According to the Josephson relation, the
junction oscillates with a frequency f = (1/®y)V (about 483.6 GHz/mV) if it is
biased at voltage V. The fluxons repel each other and form a chain that moves
along the junction. The velocity and density of the fluxon chain and thus the power
and frequency of the submm-wave signal emitted from the exit end of the junction
due to the collision with the boundary may be adjusted independently by proper
settings of Ig and I¢p. The FFO differs from the other members of the Josephson
oscillator family by the need for these two control currents, which in turn provides
the possibility of independent frequency and power tuning.

We experimentally investigated a large number of the FFO designs. The length,
L, and the width, W, of the FFO used in our study are 300-400 pm and 4-28 pm,
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Fig. 10.2 Schematic view of a flux-flow oscillator
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respectively. The value of the critical current density, J¢, is in the range 4-8 kA / cm’
giving a Josephson penetration depth, A; ~ 6—4 um. The corresponding value of
the specific resistance is Rn x L x W is ~ 50-25 Q pum?. For the numerical
calculations, we use a typical value of the London penetration depth, A;, &~ 90 nm
for all-Nb junctions, and a junction specific capacitance, Cs ~ 0.08 pF/pm?. The
active area of the FFO (i.e. the AlOy or the AIN tunnel barrier) is usually formed as a
long window in the relatively thick (200-250 nm) SiO, insulation layer sandwiched
between the two superconducting films (base and wiring electrodes). The so-called
“idle” region consists of the thick SiO, layer adjacent to the junction (on both sides
of the tunnel region) between the overlapping electrodes. It forms a transmission
line parallel to the FFO (not shown in Fig. 10.2). The width of the idle region (W =
2-14 wm) is comparable to the junction width. The idle region must be taken into
account when designing an FFO with the desired properties. In our design, it is
practical to use the flat bottom electrode of the FFO as a control line in which the
current /cp, produces the magnetic field, which mainly is applied perpendicular to
the long side of the junction.

There are a number of important requirements on the FFO properties to make it
suitable for application in the phase locked SIR. Obviously, the FFO should emit
enough power to pump an SIS mixer, taking into account a specially designed
mismatch of about 5—7 dB between the FFO and the SIS mixer, introduced to avoid
leakage of the input signal to the LO path. It is a challenge to realize the ultimate
performance of the separate superconducting elements after their integration in
a single-chip device. Implementation of the improved matching circuits and the
submicron junctions for both the SIS and the HM allows delivering optimal FFO
power for their operation.

Even for ultra wideband room-temperature PLL systems the effective regulation
bandwidth is limited by the length of the cables in the loop (about 10 MHz for
typical loop length of two meters). It means that the free-running FFO linewidth
(LW) has to be well below 10 MHz to ensure stable FFO phase locking with a
reasonably good spectral ratio (SR) — the ratio between the carrier and total power
emitted by the FFO [7]. For example, only about 50% of the FFO power can be
phase locked by the present PLL system at a free-running FFO LW of 5 MHz. A
low spectral ratio results in a considerable error at resolving the complicated spectral
line shape [12]. Thus, a sufficiently small free-running FFO LW is vitally important
for the realization of the phase locked SIR for the TELIS.

10.2.1 Nb-AIN-NbN FFO

Earlier the Nb—AlOx—Nb or Nb—AIN-Nb trilayers were successfully used for the
FFO fabrication. Traditional all-Nb circuits are being constantly optimized but there
seems to be a limit for LW optimizations at certain boundary frequencies due
to Josephson self-coupling (JSC) effect [13] as well as a high frequency limit,
imposed by Nb gap frequency (~700 GHz). That is the reason for novel types
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Fig. 10.3 The dependencies of Rj/Rn ratio on critical current density J. for SIS junctions of
different types fabricated at IREE

of junctions based on materials other than Nb to be developed. We reported on
development of the high quality Nb—AIN-NbN junction production technology
[14]. The implementation of an AIN tunnel barrier in combination with an NbN
top superconducting electrode provides a significant improvement in SIS junction
quality. The gap voltage of the junction V; = 3.7 mV. From this value, and the gap
voltage of the Nb film Anp/e = 1.4mV, we have estimated the gap voltage of our
NDN film as Anpn/e = 2.3 mV [15].

The dependency of the ratio of subgap to normal state resistance (Rj/Rn) vs.
critical current density (J.) for different types of the Nb-based junctions fabricated
at IREE is presented in Fig. 10.3. One can see that the Nb—AIN-NbN junctions are
of very good quality at high current densities, important for implementation in THz
mixers. The same technique was further used to produce complicated integrated
circuits comprising SIS and FFO in one chip.

The use of Nb for top “wiring” layer is preferable due to lower losses of Nb
compared to NbN below 720 GHz; furthermore, the matching structures developed
for the all-Nb SIRs can be used directly for the fabrication of receivers with
Nb-AIN-NDN junctions. The general behavior of the new devices is similar to the
all-Nb ones; even the control currents, necessary to provide magnetic bias for FFO,
were nearly the same for the FFOs of similar design.

A family of the Nb—AIN-NbN FFO IVCs measured at different magnetic fields
produced by the integrated control line is presented in Fig.10.4 (L = 300 um,
W = 14 pm, W; = 10 pm). A single SIS junction with an inductive tuning circuit
is employed as a HM for the LW measurements. The tuning and matching circuits
were designed to provide “uniform” coupling in the frequency range 400-700 GHz.
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Fig. 10.4 IVCs of the Nb—AIN-NbN FFO measured at different magnetic fields produced by the
integrated control line. The color scale shows the level of the DC current rise at the HM induced by
the FFO. Red area marks the region of the FFO parameters where the induced by FFO HM current
exceeds 25% of the I,. This level is well above the optimal value for an SIS-mixer operation

Measured values of the HM current induced by the FFO oscillations (HM pumping)
are shown in Fig. 10.4 by the color scale. The HM pumping for each FFO bias point
was measured at constant HM bias voltage of 3 mV (pumping is normalized on the
current jump at the gap voltage, I, = 140 wA). From Fig. 10.4, one can see that
an FFO can provide large enough power over the wide frequency range: limited
at higher frequencies only by the Nb superconducting gap in transmission line
electrodes (base and wiring layers) and below 400 GHz by design of the matching
circuits.

The Nb—AIN-NbN FFOs behave very similar to all-Nb ones. The feature at
about 600 GHz where the curves get denser is a Josephson Self-Coupling (JSC)
boundary voltage. It was first observed for all-Nb FFOs [13]. The JSC effect is
the absorption of the FFO-emitted radiation by the quasi-particles in the cavity
of the long junction. It considerably modifies the FFO properties at the voltages
V ~ Visc = 1/3V,y (Vsc corresponds to 620 GHz for the Nb—AIN-NbN FFO).
Just above this voltage, the differential resistance increases considerably; that results
in an FFO-LW broadening just above this point. This, in turn, makes it difficult
or impossible to phase lock the FFO in that region. For a Nb—AlOx—Nb FFO, the
transition corresponding to Vjsc = V,/3 occurs around 450 GHz. So, by using the
Nb-AIN-NbN FFOs we can cover the frequency gap from 450 to 550 GHz imposed
by the gap value of all-Nb junctions. The feature in Fig. 10.4 around 1 mV is very
likely due to a singularity at the difference of the superconducting gaps Axpn — Anp.
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Continuous frequency tuning at frequencies below 600 GHz for the Nb—AIN—
NbN FFOs of moderate length is possible, although the damping is not sufficient
to completely suppress the Fiske resonant structure at frequencies below V,/3.
For short junctions with a small a (wave attenuation factor), the distance between
the steps in this resonant regime can be as large, that it is only possible to tune
the FFO at the certain set of frequencies. For a 300-400 um long Nb—AIN-NbN
junction, this is not the case — the quality factor of the resonator formed by a
long Nb—AIN-NbN Josephson junction is not so high at frequencies >350 GHz.
Therefore, the resonance steps are slanting and the distance between them is not so
big (see Fig. 10.4). This allows us to set any voltage (and any frequency) below
Visc, but for each voltage only a certain set of currents should be used. So, in
this case we have the regions of forbidden bias-current values, specific for each
voltage below Vjsc, instead of the forbidden voltage regions for the Fiske regime
in Nb—AlOx—Nb FFO [15]. Special algorithms have been developed for automatic
working point selection in flight.

In Fig. 10.5, the typical current-voltage characteristics (IVCs) of a Nb—AIN-NbN
SIS junction of an area of about 1 m? is given, both the unpumped IVC (solid line)
and the IVC when pumped by a Nb—AIN-NbN FFO at different frequencies (dotted
lines). One can see that the FFO provides more than enough power for the mixer
pumping. In this experiment, we use the test circuits with low-loss matching circuits
tuned between 400 and 700 GHz. Even with the specially introduced 5 dB FFO/SIS
mismatch (required for the SIR operation) the FFO delivers enough power for the
SIS mixer operation in the TELIS frequency range of 480-650 GHz [7].
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Fig. 10.5 The IVCs of the SIS mixer: unpumped — solid curve, pumped at different frequencies —
dashed and dotted lines
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Fig. 10.7 The pump current of the SIS mixer biased at 3 mV as a function of the FFO bias current
at the fixed frequency 500 GHz (see Figs. 10.4 and 10.6)

An important issue for the SIR operation is a possibility to tune the FFO power,
while keeping the FFO frequency constant. This is demonstrated in Fig. 10.6, where
the IVCs of an SIS mixer are shown, while being pumped at different FFO bias
currents (different powers). The dependence of the SIS pump current on the FFO
bias current is presented in Fig. 10.7, showing that the FFO power can be tuned
more than 15dB, while keeping the same frequency by proper adjustment of the
control line current.
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10.2.2 Spectral Properties of the FFO

10.2.2.1 LW Measurements

The FFO LW has been measured in a wide frequency range from 300 GHz
up to 750 GHz using a well-developed experimental technique [16]. A specially
designed integrated circuit incorporates the FFO junction, the SIS HM and the
microwave matching circuits. Generally, both junctions are fabricated from the
same Nb/AIN/NbN or Nb/AlOx/Nb trilayer. The FFO signal is fed to the SIS
HM together with a 17-20 GHz reference signal from a stable synthesizer. The
required power level depends on the parameters of the HM; it is about of 1 pW
for a typical junction area of 1 um?. The intermediate frequency (IF) mixer product
(fir = £( frro—n- fsyn) at ~ 400 MHz is first boosted by a cooled HEMT amplifier
(T, ~ 5K, gain = 30dB) and then by a high-gain room-temperature amplifier.

To accurately measure the FFO line shape, the IF signal must be time-averaged
by the spectrum analyzer. To remove low-frequency drift and interference from
the bias supplies, temperature drift, etc., we use a narrow bandwidth (<10kHz)
Frequency Discriminator (FD) system with relatively low loop gain for frequency
locking of the FFO. With the FD narrow-band feedback system that stabilizes the
mean frequency of the FFO (but does not affect FFO line shape), we can accurately
measure the free-running FFO LW, which is determined by the much faster internal
(“natural”) fluctuations (see Fig. 10.8).
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Fig. 10.8 Spectra of the Nb—AIN-NbN FFO operating at 515.2605 GHz (blue dashed line —

frequency locked by FD; red solid line — phase-locked). Linewidth = 1.7 MHz; spectral ratio =
92%



10 Integrated Submm Wave Receiver: Development and Applications 273

The resulting IF signal is supplied also to the Phase Locking Loop (PLL)
system. The phase-difference signal of the PLL is fed to the FFO control line
current. Wideband operation of the PLL (10-15MHz full width) is obtained by
minimizing the cable loop length. A part of the IF signal is delivered to the spectrum
analyzer through a power splitter (see Fig. 10.8). All instruments are synchronized
to harmonics of a common 10 MHz reference oscillator.

The integrated HM may operate in two different regimes, either as a quasi-
particle mixer (SIS) or as a Josephson mixer. To exclude the noise from the
Josephson super-current fluctuations and thereby realize a pure quasi-particle
regime, the super current has to be suppressed by a relatively large magnetic field.
This requires a special control line placed near the SIS mixer. The quasi-particle
regime of the HM operation can also be realized with sufficient synthesizer power.
It has been shown [17] that the FFO LW and signal-to-noise ratio are almost the
same for these two regimes, although the phase noise might be somewhat lower in
the quasi-particle mode.

10.2.2.2 Dependence of the FFO Linewidth on FFO’ Parameters

Detailed measurements of the FFO LW [18, 19] demonstrate a Lorentzian shape
of the free-running FFO line in a wide frequency range up to 750 GHz, both at
higher voltages on the flux flow step (FFS) and at lower voltages in the resonant
regime on the Fiske steps (FSs). This implies that the free-running (‘“natural””) FFO
LW in all operational regimes is determined by the wideband thermal fluctuations
and the shot noise. This is different from many traditional microwave oscillators,
where the “natural” LW is very small and the observed LW can be attributed mainly
to external fluctuations. It was found [18, 19] that the free-running FFO LW, §f,
exceeds theoretical estimations made for lumped tunnel Josephson junction. The
expression for the LW dependency on voltage and differential resistances found for
all-Nb FFOs [18,20] is valid for Nb—AIN-NbN junctions as well:

§f = (27/®Z) (RE + K  RSY) 5 (0) (10.1)

where S0 is the power density of low frequency current fluctuations, Ry® and Ry"
are differential resistances on bias and control line currents, respectively. Note that
ratio R4/ R4® is constant for fixed FFO bias, so §f = A(Ig) (Rs®)* S;0.

Earlier, a so-called Super Fine Resonance Structure (SFRS) [21] was observed
on the FFO IVCs, resulting in the jumps of the FFO between tiny steps (frequency
spacing is of about 10 MHz, see Fig. 10.9). The presence of the SFRS prohibits
phase locking at frequencies between the steps. This is unacceptable for practical
applications. Recently, we found that the SFRS is related to interference of the
acoustic waves created by the FFO (generation of the phonons by Josephson
junction, see [22]). A special technological procedure allows us to eliminate this
interference and to realize continuous FFO-frequency tuning in the SIR, being
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Fig. 10.10 Linewidth dependency on frequency for two types of the FFO

vitally important for TELIS project (see Fig. 10.9). Details of this study will be
published elsewhere.

In Fig. 10.10, we present a comparative graph of the free-running FFO LW for
two types of the tri-layer. One can see that the LW of Nb—AIN-NbN FFO is twice
as small up to 600 GHz. It should be emphasized that due to overlapping FSs
continuous tuning is possible and any desirable frequency can be realized. Several
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“stacked” stars at certain frequencies for the NbN FFO mean that the best LW value
can be selected by adjusting FFO bias. Note that the spread in the LW values at
a selected frequency is small and all can actually be applied for measurements.
Each star corresponds to an “allowed” bias current at an FS (as described above in
Sect. 2.1). Although the FFO tuning on an FS is complicated, the benefitin LW (and
consequently the spectral ratio) is worth the effort. Linewidths below 3 MHz can
be achieved in the whole range between 350 and 610 GHz. An abrupt increase of
the FFO LW at some frequencies is caused by the Josephson self-coupling effect.
The JSC (absorption of the FFO-emitted radiation by the quasi-particles in the
cavity of the long junction, see above) considerably modifies the FFO properties
at the voltages V ~ Visc = 1/3V, [13] (Visc corresponds to 620 GHz for the
Nb-AIN-NbN FFO).

Previous LW measurements have demonstrated [7,23] the essential dependences
of the free-running FFO LW on the FFO voltage, its current density and geometry
of the biasing electrodes. In this report, we summarize the results of the FFO study
and optimization of the FFO layout for both types of FFOs. Recently, it was shown
[4,7] that the LW decreases considerably with increasing width, W, of the FFO
junction. This is valid for all frequencies of interest, and consequently, the spectral
ratio of the phase locked FFO for wide junctions is better. We have increased the
FFO width up to 28 pwm, which is more than five times the Josephson penetration
depth A;. A number of FFOs with the same electrode layout, but different widths
of the FFO junction (W = 4, 8, 12, 16, 20 and 28 um) are fabricated using the
same technological procedure yielding the same junction parameters (normal state
resistance x area, RnS = 30 Q umz). The results of the LW measurements of these
circuits at three frequencies are presented in Fig. 10.11.
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All circuits are fabricated by the same technological procedure (RnS = 30 Q pm?)
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Even for the largest tested width (W = 28 um), there is no evidence of deteri-
oration in the FFO behaviour. Furthermore, the power delivered to the SIS mixer
is getting higher and the LW lower at all frequencies. The decrease of the FFO LW
with increasing FFO width is in accordance with existing theoretical models and our
expectations. The bias current differential resistance, Ry, decreases approximately
inversely proportional to the bias current /5. Since the FFO LW is proportional
to Ry**Ig, it scales down linearly with the junction width. Of course, one can
expect that the LW decrease will saturate and the FFO performance will deteriorate
with further increase of the width (e.g., due to appearance of transversal modes).
Without a reliable theory, the optimal value of the FFO width has to be determined
experimentally. Note that for a wider FFO the center line of the junction is shifted
away from the edge of the control line (the Ry“" goes down). This may result
in a considerable reduction of extraneous noise from external magnetic fields.
Furthermore, a wider FFO presumably will have a more uniform bias current
distribution [4]. At the present state, the width of the FFO for TELIS is chosen
to be 16 wm. This is a tradeoff between LW requirements and technical limitation
on the maximum bias and control line currents (both should not exceed 70 mA).

In contrast to variation of the FFO LW on the FFO width, previous measurements
[7] have demonstrated a considerable increase of the FFO LW with the FFO current
density. This contradicts the simplified consideration: the increase of the FFO
current density (as it is for increase of the FFO width) should result in the increase
of the total FFO bias current, /g, and reduce the FFO differential resistance on the
bias current Rq4. Since the FFO LW is proportional to Ry** I, one should expect the
decrease of the measured FFO free-running LW for larger FFO current density. In
reality, Rq does not decrease as much as this simple consideration predicts and the
LW increases. On the contrary, a high value of the current density (J. > 8kA/ cm?)
is important for wide-band operation of the SIS-mixer at the submm wave range.
The increase of the FFO LW with current density (as discussed above) creates a
serious problem in the design and development of SIR chips. Implementation of two
separate tri-layers with different current densities — one for the SIS mixer (high J..)
and the other one for the FFO/HM (lower J.) seems to be a solution. We have
successfully tested and verified this approach for the SIR microcircuits for TELIS.

Improvement of the FFO performance was obtained by enlarging the electrodes
overlapping area, the so-called “idle region”. Larger overlapping presumably
provides a more uniform bias-current distribution, due to reduced inductance of the
overlapping electrodes. Larger overlapping of the FFO electrodes also implies that
the FFO of the same width is shifted from the edge of the bottom electrode, resulting
in a considerable decrease of the Ry" value. Note that for a wide FFO also some
shift of the FFO center line appears due to increasing of the width. Experimentally,
we found that an idle region Wi = 10 pum is the optimal value for the present FFO
design. Up to now, there is no adequate model that can quantitatively describe
both the processes in the FFO and a self-consistent distribution of the bias current.
Nevertheless, the presented results are very encouraging and these modifications of
the FFO were implemented in the TELIS SIRs.
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To further explore this approach, we have developed different designs of the
“self-shielded” FFO with a large ground plane in the base electrode. Such FFOs
are expected to be less sensitive for variations in the external magnetic field and
have to provide more uniform bias current distribution (since all bias leads are
laying over superconducting shield and have low inductance). Actually, the low-
inductive bias leads provide a possibility of optimal (rather than uniform) current
distribution, “regulated” by the FFO itself. The last feature optimizes the emitted
FFO power. Indeed, the IVCs of all shielded FFOs are much more reproducible; the
power delivered to HM is higher compared to a traditional design. Unfortunately,
the free-running LW for all variants of shielded FFOs with separate bias leads is
much larger than for FFOs of traditional design. It seems that injection of the bias
via separate leads results in some spatial modulation of bias current [23] despite
the additional triangular elements added for more uniform current injection. On
the contrary, designs that employed three superconducting electrodes provide both
perfect pumping and improved LW, details will be published elsewhere.

10.2.2.3 Spectral Ratio, Phase Noise

As it was mentioned above, the free-running FFO LW has to be well below 10 MHz
to ensure stable FFO phase locking with a reasonably good spectral ratio (SR, the
ratio between the carrier and total FFO power). For example, only about 50% of
the FFO power can be phase locked by the present TELIS PLL system at free-
running FFO LW of 5 MHz. A low spectral ratio results in a considerable error
at resolving of the complicated atmospheric line shapes [12]. For the given PLL
system, the value of the SR is fully determined by the free-running FFO LW: these
two quantities are unambiguously related (see Fig. 10.12, where data for FFOs of
different designs and types are presented). The theoretical curve, calculated in [24],
coincides reasonably well with the experimental data. A possibility to considerably
increase the SR by application of the ultra-wideband cryogenic PLL system has
been recently demonstrated [25].

An important issue for TELIS operations is the possibility to tune the FFO
frequency and power independently, while providing the same spectral ratio of PL
FFO. The TELIS HM is pumped by a tunable reference frequency in the range
of 19-21 GHz from the LO Source Unit (LSU), phase locked to the internal ultra
stable 10 MHz Master Oscillator. The HM mixes the FFO signal with the n-th
harmonic of the 19-21 GHz reference. The LW and SR of the TELIS FFO are
almost constant over a wide range of FFO bias current at fixed FFO frequency (see
Fig. 10.13). From this figure, one can see that the SR is about 50% over the range
of bias current, I, 14-30 mA, while the pumping level varies from 3.5 pA at I, =
14 mA up to 81 pA at [, = 30mA. Furthermore, the SR = 34% can be realized
at I, = 12mA, where the HM pumping is below 0.5 wA. It means that at proper
choice of the HM voltage and LSU power even moderate HM pumping by the FFO
is enough for efficient PLL operation (providing sufficient signal-to-noise ratio).
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To prove the capabilities for high-resolution spectroscopy, line profiles around
625 GHz of OCS gas have been successfully measured by the SIR operating in the
DSB regime [3]. The tests were done in a laboratory gas cell setup at a gas pressure
down to 0.2 mBar, corresponding to the FWHM LW < 5 MHz. It was demonstrated
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that the spectrum recorded by the Digital Auto Correlator (DAC) is a convolution
product of the signal (gas emission lines) with the FFO line spectrum; resolution in
this experiment is limited by DAC back-end. More detailed spectral measurements
data will be presented in the next section.

To investigate the ultimate frequency resolution of the receiver, we have mea-
sured the signal of the synthesizer multiplied by a super-lattice structure [26]. The
signal recorded in these measurements is a convolution of the narrow-bandwidth
(delta-function-like) spectrum of the synthesizer with phase locked spectrum of the
FFO with an accuracy of the used resolution bandwidth of the spectrum analyzer
(30kHz). It was confirmed that the frequency resolution of the receiver is better
than 100 kHz.

The residual phase noise of the phase locked FFO — measured relative to the
reference synthesizer — as a function of the offset from the carrier is plotted in
Fig. 10.14. To get the absolute FFO phase noise, one should add the synthesizer
noise multiplied by n? to the residual phase noise of the FFO. Data for the
Rohde&Schwarz®SMF100A Microwave Signal Generator with improved phase
noise [27] are also presented in Fig. 10.14, for the case where the FFO, operating
at 450 GHz, is locked to the 20th harmonic of the synthesizer, n? = 400. The total
(absolute) FFO phase noise (solid line in Fig. 10.14) is dominated by the synthesizer
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Fig. 10.14 Experimental phase noise of a phase locked FFO at 450 GHz. Since the phase noise
of the FFO is measured relative to the 20th harmonic of the synthesizer, the synthesizer noise
[27], multiplied by a factor 20? = 400, should be added to the residual FFO noise to get the total
(absolute) FFO phase noise — solid line
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noise for offsets < 10 kHz. The noise at larger frequency offset is mainly due to PLL
system. Note that the FFO phase noise is overestimated since no subtraction of the
noise added by the IF amplifier chain was performed; actually at offsets much larger
than the PLL regulation bandwidth (>20 MHz) the measured phase noise is mainly
determined by the IF chain.

This section can be summarized as follows. Continuous tuning of the frequency is
possible for Nb—AIN-NbN FFOs due to bending and overlapping of the FSs, so that
any desirable frequency can be realized. A possibility to phase lock the Nb—AIN—
NbN FFO at any frequency in the range 350-750 GHz has been experimentally
demonstrated. An optimized design of the FFO for TELIS has been developed
and tested. A free-running LW value from 5 to 1 MHz has been measured in the
frequency range 300-750 GHz for a “wide” FFO. As a result, the spectral ratio of
the phased locked FFO varies from 50% to 97% correspondingly. The “unlocked”
rest of the total FFO power increases the phase noise and the calibration error. To
ensure remote operation of the phase locked SIR several procedures for its automatic
computer control have been developed and tested. New designs of the FFO intended
for further improvement of its parameters are under development, but even at the
present state the Nb—AIN-NbN FFOs are mature enough for practical applications.

10.3 TELIS

10.3.1 TELIS Instrument Design

The front-end of the ballon-borne TELIS instrument for atmospheric research is
common for the three channels on board. It consists of the pointing telescope, a
calibration blackbody, relay and band-separating optics (see Fig. 10.15). Details of
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Fig. 10.15 Optical lay-out of the TELIS SIR channel
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the optical design can be found in [28-30]. The three mirrors of the dual offset
Cassegrain telescope are mounted on a common frame, rotatable around the optical
axis of the output beam. Limb scanning is performed between the upper troposphere
(8-10km in the Arctic) to flight altitude (typically 32km) in 1-2km steps. At
the tangent point of the line of sight, the vertical (elevation) resolution is about
2km for an observational frequency of 500 GHz, scaling inversely proportional
with frequency. In horizontal (azimuth) direction, the spatial resolution is about a
factor of 2 less due to the anamorphicity of the telescope. This is allowed as the
atmospheric properties within the beam hardly depend on the azimuth.

The radiometric gain of the spectrometers is calibrated once or twice in
every Limb scan using a conical blackbody reference source and a measurement
of the cold sky. For this, a small flip mirror is included between the telescope and
the beam-separating optics. By measuring at two up-looking telescope positions, the
impact of the remaining air above the gondola can be assessed.

Simultaneous observation by the receivers is achieved by quasi-optical beam
splitting. First, a wire-grid-based polarizing beam splitter is employed to reflect one
linear polarization to the 500 GHz channel, the other linear polarization is split by
a dichroic filter between the SIR channel and the THz channel. Subsequently, off-
set mirrors shape and direct the three beams to the cryogenic channels. Inside the
custom designed liquid-helium cooled cryostat, each receiver has dedicated cold
optics, a superconducting mixing element and IF amplifiers.

The very compact 500 GHz receiver channel consists of a fixed-tuned waveguide
SIS mixer, a cryogenic solid-state LO chain and a low-noise IF chain operating
at a relatively high IF (IF = 15-19GHz) [31]. The 1.8 THz channel employs a
cryogenic solid-state LO that is loss-less coupled into the mixer via a Martin—Puplett
type optical interferometer. The mixer is based on a phonon-cooled NbN HEB (Hot
Electron Bolometer) [32]. The 480-650GHz SIR receiver channel is based on a
single-chip SIR, as described in the next section.

The warm optics couples to the SIR channel with a beam that has a waist radius
ranging from 2 to 3 mm, located at the cryostat window. The system-pupil is imaged
by two additional mirrors on the silicon elliptical lens; on the back surface of
this lens, the SIR chip is located. The SIR-channel cold-optics is also frequency
independent to fully exploit the wide-band operation of the SIR device.

The amplitude-phase distribution of the near field beam of the SIR cold channel
at 600 GHz as measured at the dewar window is shown in Fig. 10.16. The beam
waist is measured to be 2.25 mm, which is within 1% of the designed value. The
measured Gaussisity of the beam is 92.4%.

The IF processor (located on the main frame of TELIS) converts the amplified
IF output signals of the three receivers to the input frequency range of the digital
autocorrelator. The digital autocorrelator has a bandwidth of 2 x 2 GHz with 2,048
spectral channels. Both the IF processor and the digital autocorrelator are developed
by Omnisys Instruments AB [33].

The SIR channel is controlled with a battery-operated ultra low-noise biasing
system. Since noise on the bias lines of the FFO translates in a wider FFO
LW, several precautions, such as decoupling of digital control lines and extensive
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Fig. 10.16 The amplitude (fop figure) and phase (lower figure) distribution of the near field beam
of the SIR channel. The amplitude is given in units of dB. The distance from the beam waist is
110 mm and the frequency is 600 GHz

filtering and shielding, are implemented. The SIR bias unit is digitally controlled by
the on-board DLR PC-104 computer, that also interfaces with the other channels, the
digital autocorrelator, and with the host instrument MIPAS. A radio link provides
real-time two-way contact with the ground segment consisting of a server computer
with three dedicated client computers, coupled through TCP/IP socket connections.
The complete system is dimensioned to have sufficient cooling liquids and battery
power for a 24 h flight.
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Fig. 10.17 Photo of the SIR microcircuit with double-slot antenna

10.3.2 SIR Channel Design

A key element of the 480-650GHz channel is the SIR [1-5] that comprises in
one chip (size of 4 x 4 x 0.5mm, see Fig.10.17) a low-noise SIS mixer with
quasioptical antenna, a superconducting FFO [6] acting as an LO and a second SIS
HM for FFO phase locking. Since the free-running LW of the FFO can be up to
10 MHz, for spectral applications the FFO has to be locked to an external reference
oscillator employing a phase lock loop(PLL) system. The concept of the SIR looks
very attractive for TELIS due to a wide tuning range of the FFO. In the SIR, the
bandwidth is basically determined by the SIS mixer tuning structure and matching
circuitry between the SIS and FFO; bandwidth up to 30-40% may be achieved with
a twin-junction SIS mixer design (both for double-slot and double-dipole antennas).
To achieve the required instantaneous bandwidth of 480-650 GHz, a twin-SIS mixer
with 0.8 um? junctions and new design of the FFO/SIS matching circuitry were
implemented. A microscope photograph of the central part of the SIR chip with
double-dipole antenna is presented in Fig. 10.18.

The resolution of the TELIS back-end spectrometer is 2.160 MHz, sufficient
to resolve the exact shape of atmospheric lines. The FFO line shape and spectral
stability should ideally be much better than this. However, the free-running LW of
the FFO can be up to 10 MHz and therefore a PLL has been developed to phase lock
the FFO to an external reference oscillator [6, 14]. For this, a small fraction of the
FFO power is first directed to a so-called HM, placed on the SIR chip. The HM is
pumped by an off-chip LSU, which is a tunable reference frequency in the range of
19-21 GHz. The frequency of the LSU is chosen such that the difference frequency
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Fig. 10.18 Central part of the SIR chip with double-dipole antenna, twin SIS-mixer, and harmonic
mixer for FFO phase-locking

of the nth harmonic of the LSU, generated by the HM, and the FFO is about 4 GHz.
This difference signal is then amplified by a cryogenic low-noise HEMT amplifier
and down-converted to 400 MHz by using a second reference at 3.6 GHz. Finally,
the frequency and phase of this 400 MHz signal is compared against yet another
reference frequency of 400 MHz and the resulting error signal is fed back to the
FFO. The LSU and the reference signals at 3.6 GHz and at 400 MHz are all phase
locked to an internal ultra stable 10 MHz Master Oscillator.

All components of the SIR microcircuits are fabricated in a high quality
Nb-AIN/NbBN tri-layer on a Si substrate [13]. The receiver chip is placed on the
flat back surface of the elliptical silicon lens (forming an integrated lens-antenna)
with accuracy 10 wm, determined by the tolerance analysis of the optical system.
As the FFO is very sensitive for external electromagnetic interferences, the SIR
chip is shielded by two concentric cylinders: the outer cylinder is made of cryo-
perm and the inner one of copper with a 100 um coating of superconducting lead.
All SIR channel components (including input optical elements) are mounted on a
single plate inside a 240 x 180 x 80 mm box cooled by the thermo-straps to the
temperature of about 4.2 K.

10.3.3 TELIS-SIR Channel Performance

The TELIS-SIR channel has been characterized in eight micro-windows that have
been selected for the flight in (Sweden). These micro-windows have the following
LO frequencies:

* 495.04 GHz for H,'®O

* 496.88 GHz for HDO

* 505.60 GHz for BrO

* 507.27 GHz for C1O

* 515.25 GHz for O,, pointing, and temperature
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Fig. 10.19 Measured DSB receiver noise temperature of the SIR device selected for flight at
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Initial flight values for the parameters for the FFO, SIS, and HM mixers have
been determined for each micro-window. Dedicated algorithms allowing for fast
switching between LO frequencies and for in-flight optimization of the SIR have
been developed (see below). It takes about 1 min of stabilization and optimization
to switch between two LO settings. All experimental results discussed here have
been obtained with the SIR flight device.

The measured double sideband (DSB) receiver noise temperature 7g, uncor-
rected for any loss, is presented in Fig. 10.19 as a function of LO frequency. As
can be seen, the noise is well below 200K at all frequencies of interest, with a
minimum of 120K at 500 and 600 GHz. The noise peak around 540-575 GHz
is partially spurious, caused by absorption of water vapor in the path between
calibration sources and the cryostat, and partially real — due to properties of the
SIS-mixer tuning circuitry. The relatively high noise in this band is of no concern
for science observations, since this part of the atmospheric spectrum is obscured
by a highly saturated water-vapor line rendering it virtually useless for atmospheric
science. The noise as a function of IF is fairly flat in the frequency range 4-8 GHz,
as can be seen in Fig. 10.20, where (DSB) receiver noise temperature is plotted as
a function of IF. The dependence of the receiver noise temperature on the SIS bias
voltage is shown in Fig. 10.21; one can see that for Nb—AIN/NDN circuits there is
very wide range of SIS bias voltages where Ty is almost constant.
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Fig. 10.22 Spectra of the FFO operating at 515.2 GHz (blue dashed line — frequency locked; red
solid line — phase-locked). Linewidth (LW) = 1.5MHz; signal-to-noise ratio (SNR) = 36dB;
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After optimization of the FFO design, the free-running LW between 7 and
0.5 MHz has been measured in the frequency range 350-750 GHz (see Fig. 10.10),
which allows to phase lock from 35% to 95% of the emitted FFO. Example of the
free-running (frequency-locked) and phase locked spectra of the FFO measured for
flight SIR at one of the frequencies selected for first TELIS flight are presented in
Fig.10.22.

Data for five important TELIS frequencies are summarized in Table 10.1. It
should be mentioned that the noise of the digital electronics at frequencies of about
1 MHz slightly increases the measured LW value, while the PLL is able to suppress
the interference (that results in larger SR than can be expected from measured LW).
Note also the dependence of the SR and LW on the FFO bias current related to
variation of the differential resistance along FS.

For the TELIS measurement strategy, it is important to know whether the timing
of limb sounding should depend on the stability of the complete receiver chain.
The stability determines the optimum achievable measurement time for a single
integration, and thus the required frequency of the calibration cycle. The stability
of the complete TELIS-SIR system has been determined with a noise-fluctuation
bandwidth of 17 MHz, and the results [10] are presented in Fig. 10.23. For the two
IF channels that are used to determine the Allan variance, it is found that the Allan
stability time is about 13.5s. When the difference of the two channels is taken to
determine the Allan variance (this is the so-called spectroscopic, or differential,
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Table 10.1 Data for the flight SIR at selected TELIS frequencies

FFO frequency (GHz) LW (MHz) SNR (dB) SR (%) FFO Ib (mA)
495.04 1.5 32 90 30.7
496.88 1.5 37 93 31.3
515.25 1.5 36 93.5 29.2
607.7 2.1 32 87.7 30
607.7 1.8 32.6 88.6 34
619.1 54 25 63.3 30
619.1 4.6 26.8 70.3 34
E-BA——vvvmnd 0w viinnl il
—— CH1+CH2
—— CH1
1E-6 3 — CH2
1 —— Radiometer
1 equation
oA 1E-7+
1E-8 - | RLbd b
] /Y |
1E'9 MR | ToTTTT T LR | LR | T
0,01 0,1 1 10 100 1000

t (sec)

Fig. 10.23 System stability of the SIR channel. FFO is phase locked at 600 GHz. The two lines
at the top (red and green) represent individual channel variances, the blue line is representative of
the spectroscopic variance and the straight black line corresponds to the radiometer equation

mode), the Allan stability time of 20s is found. This is comparable to stabilities
measured for astronomical receivers.

Within TELIS, a 1.5 s integration time per tangent height is used. This is mainly
driven by the required integrated signal levels at the autocorrelator input. The
stability of the SIR channel therefore poses no constraints on the observing strategy.

The SIR is a complicated device as it contains multiple interactive supercon-
ducting elements: an SIS mixer, an FFO, and an HM for the FFO phase locking.
Special algorithms and procedures have been developed and tested to facilitate
characterization of the SIR at reasonable timescales and for the SIR control during
the flight. These routines include:

* Fast definition of the FFO operational conditions (both on the FS and in the
flux-flow regimes).
* Measurements of the free-running FFO LW.
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e Optimization of the LSU and HM parameters.

e Optimization of the PLL operation.

e Minimization of the SIR noise temperature.

e Setting all predefined SIR parameters in the exact sequence for control during
the flight.

* Continuous monitoring of the main SIR parameters.

e Adjustment (or recovering) of the SIR operational state.

10.3.4 Kiruna Campaigns and Preliminary Science Results

TELIS had two successful scientific campaigns from Kiruna, North-Sweden, in
March 2009 and in January 2010. The instrument was launched together with the
MIPAS instrument on the MIPAS-B2 gondola (see Fig. 10.24). The launch of both
flights took place around midnight. During the ascents, the SIR channel behaved
nominally and already after 30 min the first spectra were recorded. In the 2009
flight, the first flight ceiling of 35 km was reached after 3h and 1 h later the flight
continued at 28 km altitude. In the 2010 flight, the ascent took more than 4h to
reach a flight ceiling of 34 km where the balloon stayed for the remainder of the
flight. Several night recordings were taken, necessary for background measurements
for species with a diurnal cycle and for instrument calibration. The instrument
proved to be stable against the strong temperature variations of the atmosphere
during ascent (with ambient temperatures as low as —90 °C) and during sunrise. The
south eastern wind allowed for long flights of about 12 h over Finland during both

Fig. 10.24 TELIS-MIPAS launch at Esrange, Sweden; March 2009. Balloon size: 400,000 m?;
payload weight: 1,200 kg
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campaigns. After sunrise, the diurnal cycle of various species was monitored and in
total several hundred limb sequences have been recorded in each flight. The MIPAS-
TELIS balloon system performed nominally during the flight and after the parachute
landing and recovery, the instruments were found to be undamaged, allowing for
post-flight checks and calibration measurements.

The science goals of the campaign from Kiruna, North Sweden, were threefold:
investigation of the stratospheric hydrological cycle by measurements of isotopic
water, catalytic ozone destruction by chlorine chemistry, and the bromine content
of the stratosphere. In addition, measurements were performed for space-borne
instruments (ENVISAT satellite and in 2010 also SMILES aboard the International
Space Station). Data presented in Fig. 10.25 prove the capabilities of the TELIS-SIR
channel for high-resolution spectroscopy. In this case, the FFO frequency is tuned
to 505.600 GHz, the telescope is 6 degrees up-looking, and the gondola altitude is
35.780km. The width of the ozone lines are almost fully determined by atmospheric
conditions (Doppler and pressure broadening) and are about 10 MHz, as expected.

Chlorine ozone destruction peaks in the arctic winter and/or spring when the so-
called polar vortex breaks up. During this event, the ClO radical, responsible for
catalytic ozone destruction, becomes available in huge amounts. However, chlorine
is also stored in nonreactive reservoir species of which HCl is an important member.
The amount of HCI in the stratosphere is a measure of the total nonactive CI content
and is as such an important species to monitor in ozone chemistry studies.

In Fig. 10.26 measured spectra are shown in which the HCl line at IF = 6.81 GHz
is well pronounced for line of sights. A line of sight is determined by the flight
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Fig. 10.25 Ozone spectrum recorded during the 2009 campaign with the SIR channel (FFO
frequency = 505.6 GHz) from an altitude of 35.780 km and with the telescope pointing 6° upward.
The width of the lines is ca. 10 MHz and is fully determined by atmospheric conditions. The
intensity of the received signal in Kelvin is plotted as ordinate of the graphs
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altitude of the balloon platform and the tilt of the telescope. Each line of sight
results in different altitude sensitivities and effectively probes different parts of
the atmosphere. The altitudes mentioned in Fig. 10.26 refer to the lowest probed
altitude, the tangent height, for a certain line of sight and generally corresponds to
the altitude for which the measurement is mostly sensitive.

Bromine depletes ozone even more aggressively than chlorine on a per molecule
basis, but its abundances are much lower. In fact, the total amount of stratospheric
bromine is still not settled and is currently one of the main uncertainties in the
importance of bromine in ozone depletion.

In 20009, the flight took place in nonvortex conditions whereas in 2010 the flight
was in the polar vortex. The diurnal cycle of ClO has been observed in both flights,
albeit with a much higher time resolution in the 2010 flight (ca. 1 min). In 2009,
BrO has been detected, although barely as the line was superimposed on another
spectral feature. However, in 2010 the BrO line, with a level of only ca. 0.3 K, was
isolated and clearly detected. The data reduction is on-going but the first spectra for
HCI, ClO, and BrO are presented in Figs. 10.26, 10.27, and 10.28, respectively.

10.3.5 SIR for Noninvasive Medical Diagnostics

High sensitivity and spectral resolution of the integrated spectrometer enables the
analysis of multicomponent gas mixtures. Exhaled air of human includes about
400 gases, of which some can be indicators of various diseases and pathology. For
example, nitric oxide, NO, was detected in the exhaled air of patients suffering from
bronchial asthma, pneumonia, and other chronic inflammatory diseases of upper
airways. Besides, nitric oxide may have an effect on the reaction of tumors and
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Fig. 10.27 CIO spectra
recorded during the 2010
campaign with the SIR
channel (FFO

frequency = 507.3 GHz)
from an altitude of ca. 34 km.
The two sets of spectra
correspond, respectively, to
25 and 19 km tangent heights,
i.e. the altitudes for which
these spectra are most
sensitive. The increase of C1O
over time is clearly visible.
The intensity of the received
signal in Kelvin is plotted as
ordinate of the graphs

Fig. 10.28 BrO spectra
recorded during the 2010
campaign with the SIR
channel (FFO

frequency = 519.3 GHz)
from an altitude of ca. 34 km.
In the daytime measurement
(orange), the BrO line is
visible at 5.6 GHz. During the
nighttime measurement
(black), BrO is absent, as
expected. The shown tangent
heights are from top to
bottom 26, 28, 30, and 32 km,
i.e. the altitudes for which
these spectra are most
sensitive. The intensity of the
received signal in Kelvin is
plotted as ordinate of the
graphs
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healthy tissues on radiation therapy. Another example may concern the opportunity
of noninvasive diagnostics of gastritis or peptic ulcer of the stomach by measuring
the concentration of ammonia in exhaled air. Nowadays urease respiratory tests
(application of urea with C'3) are mainly used to detect the diseases. However, the
method is quite expensive and its sensitivity is restricted by natural variations of
C'3 in exhaled air during the procedure. Natural concentrations of ammonia instead
are quite low, so the measurement of the ammonia concentration could be a good
alternative. Another important application concerns the noninvasive diagnostics of
diabetes, where exhaled acetone is an indicator.

A laboratory setup for spectral analysis of the exhalted air has been developed at
IREE (input frequency range 480—-630 GHz, noise temperature below 200 K over the
range, spectral resolution below 1 MHz), based on the integrated spectrometer for
atmosphere monitoring. The instrument parameters allow us to measure the spectral
lines of the rotational transitions for most of the substances in the exhalted air. The
laboratory setup has been developed and demonstrated using the gases OCS and
NHj3 in the laboratory gas cell. Clear and well-defined response has been measured
at the expected frequencies of spectral lines for pressures down to 1072 mBar.
Examples of the NH; spectra recorded by the SIR with the Fast Fourier Transform
Spectrometer (FFTS) as a back-end, and by the novel technique based on application
of the additional oscillator are presented in Fig. 10.29 and 10.30, respectively. The
possibility to measure the spectral response in a few seconds has been demonstrated
experimentally. This allows to carry on the real-time medical survey. First spectral
measurements by the integrated receiver of exhalted air in the sub-THz range have
demonstrated good selectivity and speed of the analysis as well as high sensitivity.

1.0
c 0.8 -
[e]
]
2
E NH3 - 572.498 GHz
c
© —— P =1mBar
F 0.6 - —— 0.4 mBar 4
1 mBar
—— 0.02 mBar
—— 0.002mBar
0.4 T T T T T T T
572.3 572.4 572.5 572.6

Frequency (GHz)

Fig. 10.29 NHj; spectra measured by the SIR with FFTS back-end at different pressures



294 V.P. Koshelets et al.

1500 - T T T T T T T
{——NHj (p=5*10" mbar)
1000 i

500 - B

0- i

-500 B

Intensity (mV)

-1000 R

-1500 T T T T T T T T T
572,485 572,490 572,495 572,500 572,505 572,510

Frequency (GHz)

Fig. 10.30 Response (derivative of the spectral line), measured for NH3 gas by the integrated
receiver with implementation of novel technique (details will be published elsewhere)

For example, we have measured ammonia concentration with sensitivity on the
order of 10~ (1 ppb).

10.4 Summary

The capability of the SIR for highresolution atmospheric spectroscopy has been suc-
cessfully proven with scientific balloon flights from Kiruna, North Sweden. During
the two 12-h missions, phase locked SIR operation and frequency switching in the
480-650 GHz frequency range has been realized. An intrinsic spectral resolution
of the SIR well below 1 MHz has been confirmed by CW signal measurements
in the laboratory. An uncorrected DSB noise temperature below 120K has been
measured for the SIR when operated with a phase locked FFO at an IF bandwidth
of 4-8 GHz. To ensure remote operation of the phase locked SIR several software
procedures for automatic control have been developed and tested. The first tentative
HCI profile has been presented and its quality looks promising for future data
reduction. Diurnal cycles of CIO and BrO have been observed at different viewing
configurations (altitude), with BrO line level of only about 0.5 K. Possibilities to
use the SIR devices for analysis of the breathed out air at medical survey have been
demonstrated. The SIR can be considered as an operational device, ready for many
applications.
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Chapter 11
Cryogenic Phase-Locking Loop System Based
on SIS Tunnel Junction

A.V. Khudchenko, V.P. Koshelets, and K.V. Kalashnikov

Abstract An ultra-wideband cryogenic phase-locking loop (CPLL) system is a
new cryogenic device. The CPLL is intended for phase-locking of a Flux-Flow
Oscillator (FFO) in a Superconducting Integrated Receiver (SIR) but can be used
for any cryogenic terahertz oscillator. The key element of the CPLL is Cryogenic
Phase Detector (CPD), a recently proposed new superconducting element. The CPD
is an innovative implementation of superconductor—insulator—superconductor (SIS)
tunnel junction. All components of the CPLL reside inside a cryostat at 4.2 K, with
the loop length of about 50 cm and the total loop delay 5.5 ns. Such a small delay
results in CPLL synchronization bandwidth as wide as 40 MHz and allows phase-
locking of more than 60% of the power emitted by the FFO even for FFO linewidth
of about 10 MHz. This percentage of phase-locked power three times exceeds that
achieved with conventional room-temperature PLLs. Such an improvement enables
reducing the FFO phase noise and extending the SIR operation range.

Another new approach to the FFO phase-locking has been proposed and experi-
mentally verified. The FFO has been synchronized by a cryogenic harmonic phase
detector (CHPD) based on the SIS junction. The CHPD operates simultaneously as
the harmonic mixer (HM) and phase detector. We have studied the HM based on the
SIS junction theoretically; in particular we calculated 3D dependences of the HM
output signal power versus the bias voltage and the LO power. Results of the cal-
culations have been compared with experimental measurements. Good qualitative
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and quantitative correspondence has been achieved. The FFO phase-locking by the
CHPD has been demonstrated. Such a PLL system is expected to be extra wideband.
This concept is very promising for building of the multi-pixel SIR array.

11.1 Introduction

A cryogenic phase-locking loop (CPLL) system is primarily intended for phase sta-
bilization of a Local Oscillator (LO) of a Superconducting Integrated Receiver (SIR)
[1,2]. The SIR circuit embodied on a chip (size of 4 x 4 x 0.5 mm) comprises a
low-noise superconductor—insulator—superconductor (SIS) mixer with quasioptical
planar antenna, a superconducting Flux-Flow Oscillator (FFO) acting as a tunable
LO in the frequency range 400—700 GHz and a second SIS harmonic mixer (HM) to
phase-lock the FFO.

The FFO emission spectrum was found to be the Lorentz line [3,4] at frequencies
up to 750 GHz. Such line shape indicates that the free-running (‘“natural”’) FFO
linewidth is determined by the wideband noise, that is thermal fluctuations and
the shot noise. This is contrary to many traditional microwave oscillators (e.g.,
backward-wave and Gunn oscillators), where the “natural” linewidth is rather
narrow and is broadened primarily by external fluctuations. In fact, the FFO
linewidth may be up to 10 MHz. Therefore, for higher spectral resolution, FFO
frequency should be stabilized with a wideband phase-locking loop (PLL) system.
The wider is PLL synchronization bandwidth (BW), the larger part of the FFO
power can be phase-locked (PL), resulting in lower phase noise.

The ratio of the phase-locked power to the total power emitted by the oscillator is
called a “spectral ratio” (SR). Actually, the SR is determined from a measured LO
spectrum as a ratio of the phase-locked power of the carrier to the total emitted
power comprising the carrier and the intrinsic phase noise power generated by
LO [4]. So, the SR would be 100% for an ideal LO with a delta-shaped spectrum
and zero phase noise level. Usually, the noise power is embedded in the bandwidth
100 MHz. It should be noted that measured phase noise includes a contribution of
the IF amplifier, and we do not subtract this level in SR calculations (so the actual
SR is even a little higher). The error introduced due to IF amplifier noise is about
1-3%. A specially designed semiconductor room temperature PLL (RT PLL) with
the BW of about 12 MHz is used for the FFO phase locking. The RT PLL provides
SR value of about 50% for the 5 MHz-wide FFO emission line.

There are several reasons to extend BW of the PLL system much beyond
the present 12 MHz. The first one is that the FFO linewidth exceeds 10 MHz at
the voltages exceeding one-third of the FFO gap voltage, where the Josephson
self-coupling effect drastically modifies FFO I-V curves increasing differential
resistance and internal damping [5, 6]. In case of such a wide line, an essential part
of the emitted FFO power cannot be phase-locked with the RT PLL (the SR is as
low as 20-25%). The second reason is that FFOs based on NbN or NbTiN films
are the most attractive for future SIR applications at frequencies of about 1 THz.
The linewidth of such FFOs can considerably exceed 10 MHz due to higher surface
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losses. In this situation, the PLL’s bandwidth has to be as large as 50 MHz (to reach
at least 50% of the SR value required for most applications). The third reason is
that using SIR for interferometery applications requires an LO with extremely high
phase stability. For example, for the ALMA project (interferometer in Chile with
baseline up to 15 km) the LO rms phase noise should be considerably less than 75 fs
(the value of rms atmospheric fluctuation at interferometer site) [7]. The required
value of the SR for this rms phase noise level at frequency of about 600 GHz is
more than 95%. To provide such a high SR value even for the FFO with relatively
narrow linewidth of 2 MHz, the PLL should have BW of about 50 MHz.

The BW is determined by the group delay t in the loop [8, 9]. It should be
emphasized that the noise of RT PLL elements is low enough as compared to
the noise of IF amplifier, and it does not affect phase-locking efficiency. For RT
PLL, the BW is limited to 12 MHz due to the total delay of about 15 ns (including
5ns contribution from the PLL filters and semiconductor electronics and 10ns
from the 2 m-long cables connecting the RT PLL electronics with cryogenic FFO).
The minimal cabling length is restricted by the size of a cryostat and cannot be
essentially reduced without increasing the heat flux into the cryogenic space. Note
that the traditional PLL is a semiconductor-based device designed for 300K, and it
cannot be placed directly into the cryostat.

To improve spectral characteristics of the FFO and to overcome the limitation
of the RT PLL, we propose the CPLL system based on a Cryogenic Phase Detector
(CPD) [8-10]. All elements of the CPLL can be located very close to the FFO inside
the cryostat to avoid any temperature gradients between FFO and phase detector and
to minimize the loop length. Negligible CPD delay and small group delays in the
short loop enable an ultra-wide BW.

11.2 CPD Properties

The CPD is a key element of the CPLL. It is new cryo-electronic device based
on micron-sized SIS tunnel junction with a tunnel barrier of about 1-2nm. The
junction has current density 5-10kA/ cm?, and the gap voltage V, is 2.8 MV for
Nb-AlO4—Nb circuits.

Synchronization systems theory shows that any mixer can operate as a phase
detector [11]. The SIS junction is a well-known mixer element due to its nonlinear
properties [12, 13] and can be utilized as a CPD for the CPLL.

There are several advantages of the SIS implementation for the FFO phase-
locking. First of all, the SIS junction has a power consumption of about 107°W
that is much smaller than 1073 W for semiconductor diode phase detectors, and
second, both the SIS and the FFO operate at temperature 4.2 K. These peculiarities
allow place the CPD and the FFO close to each other, and even integrate them on
the same chip. Such a PLL system will be very compact and extra wideband.

The output signal of the phase detector with a sinusoidal response is:

e(t) =mA Ay sin@(t) = Kppsin (),
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Fig. 11.1 -V curves of the SIS junction measured at various settings of the microwave signals
(frequency 5 GHz): curve “1” — autonomous; “2” — pumped by one microwave signal; “3” —
pumped by two in-phase microwave signals; “4” — pumped by two anti-phase microwave signals;
PSynthl = 0.3 uW, PSynt2 = 0.1 wW. Inset shows a sinusoidal dependence of the SIS current
vs phase difference between the signals. Junction aria is about 2 2 with RS product about 30 Q>

where ¢(¢) is a phase difference between input signals, Kpp — a phase detector gain
factor, which is equal to the maximum amplitude of the output signal; m — a mixer
efficiency, A| and A, — input signals amplitudes. The phase characteristic of an SIS-
mixer (it can be nonsinusoidal), frequency and amplitude properties of output signal
and optimal amplitudes and frequencies of input signals must be determined. In this
case, such a junction will be specified as a phase detector.

A principle of CPD operation can be demonstrated by the tunnel junction -V
curves. A typical autonomous /-V curve of the SIS junction is shown in Fig. 11.1
(curve 1); the curve 2 corresponds to the I-V curves of the SIS pumped by a
microwave signal [8]. Two microwave signals applied in phase give a higher power
and a higher pumping level (curve 3), while antiphase results in the lower pumping
level (curve 4). The difference between curve 3 and curve 4 corresponds to the
phase response amplitude. It is important that this difference is rather large in the
wide range of the CPD bias voltages.

The CPD is a unique phase detector due to nonlinearity of the SIS junction
[12]. Although the frequency of the synthesizer for curves 2—4 is a few gighertz
(corresponding voltage is rather low compared to the smearing of the junction
superconducting gap), the shape of the pumped CPD I-V curve looks like a
result of irradiation by a high frequency signal. Apparently, a certain number of
higher order harmonics of the applied signal are excited in the SIS junction due
to its nonlinearity; these harmonics effectively pump the tunnel junction. We have
compared experimental /-V curves and dependence of the CPD pump current as a
function of power of the applied signal with the simulated ones. The calculations
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were performed on the basis of the Tien—Gordon formula for photon-assisted
tunneling (see, e.g. [12]). The best fit to the experimental results was found for
frequency of applied signal in the range of 80-100GHz; at that point, the shape
of experimental curves qualitatively resembles the theoretical ones for synthesizer
frequency in the range of 0.2-20 GHz [9].

11.2.1 Phase Characteristics

It was shown [8] that dependence of the CPD output versus phase difference
between the two input signals can be sinusoidal for the CPD under the proper
experimental conditions (see inset in Fig. 11.1). The phase response shape is close to
sinusoidal if its amplitude is less than 0.1 I, (/, is a current jump at the gap voltage).
If the amplitude becomes larger, the response shape changes. Small shape deviations
are not critical for operation of the PLL system because it works on the slope part
of the phase characteristic, i.e. at ¢(¢f) << 1. For the nonsinusoidal response, the
main parameters are the derivative de(¢)/de(t) (that gives the slope Kpp) and the
amplitude of the linear section of the phase response (these two parameters are equal
to the Kpp for sinusoidal signal). However when the phase response amplitude is
very high and even approaches to I, the response shape is usually deformed so
strongly that the PLL system works unstable.

11.2.2 Frequency Characteristics

The capacitance of the used SIS junctions is about 0.1 pF. Due to such a small
capacitance, the imaginary part of the junction impedance is very large at low
frequencies until the value of order 1 GHz. Therefore, the CPD response amplitude
remains flat in this range that was confirmed experimentally for frequencies up to
750 MHz [8]. This magnitude essentially exceeds 100 MHz required for the CPLL
operation.

The CPD input signal frequency can be ranged from 0.2 MHz to 20 GHz due to
nonlinear SIS properties described above. In this range, the operation frequency of
the CPLL can be chosen. Actually, the CPLL operation frequency has the upper limit
that is restricted only by working frequency of cryogenic HEMT amplifier (value of
order 10 GHz). And the lower limit about 0.4 GHz is determined as a magnitude that
should be considerably larger than the CPLL output bandwidth BW = 30-50 MHz.

11.2.3 Amplitude Properties

The CPD amplitude properties can be described by the dependence of the output
signal versus input signal amplitudes and bias voltage of the SIS junction. From
such a dependence, the maximum output signal and optimal input signal amplitudes
can be found.
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Fig. 11.2 Diagram of the CPD — FFO connection through the resistor R (left figure). Part of the
CPD I-V curves (right figure) in large scale at the voltage V < V,

The CPD of the CPLL is connected to the FFO control line (CL FFO) to tune
the FFO frequency [4]. The simplified diagram of the CPD-FFO interface is shown
in Fig. 11.2 (left). This equivalent circuit is certainly valid at frequencies of interest
0-100MHz. The current source generates Iy and a part of it I splits to the CPD.
The CPD voltage Vj can be expressed in terms of load R and current / by Ohm’s
law Iy =1 + Vo/R.

The tunneling current of the junction changes with increasing of the applied
microwave power P (Fig. 11.2 right curves 1 and 2). For the power variation d P,
the CPD biasing point goes along the load line (1/R) from point A to point B. The
changing of the CPD voltage dV} is given by the relation:

rdR al

dvy = — =
0 ra + R 0P

dpP,

where rq is a CPD differential resistance, d//dP is a partial derivative (can be
calculated from the dependence I(P) measured at the fixed CPD voltage). The
maximal available value of the derivative 0/ /dP rises with enhancing of the current
jump at gap voltage I, that is with increasing of the tunnel junction area.

The combined power of two microwave signals of power P; and P, applied to
the junction with a phase difference ¢ is: P(¢) = P+ P, +2+/ Py P, cos¢. In PLL
system, one of these two signals is generated by local oscillator (LO) and the second
one by a reference oscillator. Then the LO is phase-locked the phase difference ¢ is
close to 1/2 and the deviation is small (¢(¢) — 7 /2) << 1, for the CPD we have:

rdR al
dVy = -2 — v/ P Prdg,
0 ra + R 0P 120y

here P = Py + P,. The rq and 0/ /9P are experimentally measured; the optimal
R is of about 10 2. The derivative d//dP is a function of powers P; and P, and
bias voltage V. The detailed analysis of this formula and experimental results show
that output signal amplitude can achieve the value of about 0.2 V; at the bias voltage
0.55 V,. For the Nb—AlIOx—Nb SIS junction, which I-V curves are shown in the
Fig. 11.1, the maximum output signal riches —50 dBm. The dependence of the CPD
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maximum output versus V, is rather flat and stay in 3dB range at the interval
0.25-0.8 V. For the optimal value of the input signals, the induced pumping current
of the SIS junction is of about 0.3 I,.

The contribution to the current /¢y, from the CPD is determined by the dVy/R
value. Thereby, the phase deviation dg leads to the variation of the FFO frequency

d frro:

—\/ Py Prdy,

d = kdVipo = k—Rd = —kRd,
Jrro = FFO = CLFFO = CLFFO + R P

here k = 483.6 MHz/V is the Josephson constant and Rdcyr pro = dVEro/ IcL is
the FFO differential resistance by I (typically, about 0.01 €2).

This formula describes the efficiency of the CPD-FFO coupling; it has been
experimentally verified with a good accuracy [9, 14], and used for design of the
CPLL. An important result is that the value of d fgro is found to be linearly
proportional to the derivative d//dP, magnitude Rdcy rro, amplitudes of the
microwave signals, and is determined by the r4 and the R.

The coefficient K = d frro/dg is the open loop gain in the CPLL system [11,15].
It can be adjusted by variation of the powers P; and P, to achieve the optimal
feedback in the loop providing the maximum SR in the FFO spectra. For the Nb—
AlOx—Nb SIS junction presented in Fig. 11.1, the coefficient K achieves the value
250MHz/rad at R = 10 Q2 and Rdcy rro = 0.01 2.

The K also shows the maximum frequency deviation of the FFO, which can be
tuned by CPD, that is the holding range of the CPLL system that is an upper limit
of the BW. It means that the BW of the PLL system based on the CPD connected
directly to the FFO (without any DC amplifier between) can reach the value of about
250 MHz.

11.3 CPLL System: Description and Experimental Results

Several experimental embodiments of the CPLL systems with various operation
frequencies and various loop lengths have been developed and tested [8-10, 16].
A flowchart of the latest design is shown in Fig. 11.3. The FFO emission at the
frequency of the order of 600 GHz is downconverted by the HM to the frequency
4 GHz and amplified by two HEMT-amplifiers, HEMT 1 and HEMT 2. This signal
is compared with the external reference signal by the CPD and the resulting output
error signal (proportional to the phase difference) is applied to the FFO to control its
frequency. A certain fraction of the microwave power after HEMT 1 is tapped by the
directional coupler to the spectrum analyzer. A filter between the CPD and the FFO
comprises a rejecter filter to suppress signals close to the reference frequency and an
integrating loop filter for locking and holding of the FFO frequency. The integrating
loop filter significantly increases stability of the CPLL system. It also considerable
decreases a phase noise of the phase-locked FFO near the carrier at frequencies
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Fig. 11.3 Flow chart of the CPLL for FFO phase locking
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Fig. 11.4 Downconverted spectra of the FFO operating at 600 GHz: curve “1” — Free running,
linewidth 2 MHz; “2” — phase-locked with CPLL, BW 40MHz (SR = 93.5%); “3” — phase-
locked with CPLL, BW 25 MHz (SR = 90.5%); “4” — phase-locked with RT PLL, BW 12 MHz
(SR = 82%)

offset less 100 kHz. The essential moment is that the filters are based on a passive
elements operating at 4.2 K and can be placed close to the FFO and the CPD [16].
In the latest design, the loop length has been reduced down to 50 cm, which corre-
sponds to delay 2.5 ns. The operating frequency for this system was chosen 4 GHz.
For such a frequency, a band-stop filter (between CPD and FFO) with delay less
than 0.5 ns has been developed. The reduction of the loop delay due to the described
modifications results in increasing of the BW up to 40 MHz (see Fig. 11.4, curve 2).
In Fig.11.4, downconverted spectra of the FFO phase-locked by different
PLL systems are presented (spectrum of the free-running FFO is also shown for
comparison). It should be noted that all phase-locked spectra have typical shape
consisting of a central peak containing locked power, and phase noise shoulders on
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sides of the peak. For example, the tops of shoulders for the CPLL with BW 40 MHz
are located at offsets 35—40 MHz from the carrier (curve 2 on the Fig. 11.4). At these
frequencies, phase of the return signal is shifted by i due to the delay in the loop.
So instead of noise suppression, the increasing of the phase noise occurs in the PLL
system; position of these shoulders allows estimation of the PLL synchronization
BW. These shoulders rise and become sharp with increasing of the PLL loop gain.
The optimal PLL gain for any given PLL system is achieved for the shoulders about
3dB higher than phase noise near the carrier. In this case, the maximum SR and
signal-to-noise ratio is reached.

From Fig. 11.4 one can see that increasing of the PLL. BW leads to expansion
of the frequency range, where the phase noise of the PL FFO is lower than the
level for the free-running FFO. The reason is that the wider BW of the CPLL
enables us using higher loop gain bringing essential reduction of phase noise in the
entire regulation bandwidth (frequency of unity gain is shifted to the right) without
considerable increase of the phase noise in the shoulders. For the FFO linewidth
of 2MHz, the CPLL is capable of phase-locking of 93.5% power, as compared to
82% for the RT PLL (Fig. 11.4). For the FFO linewidth of 7 MHz, the new CPLL
yields SR = 81% instead of 41% for the RT PLL. Even higher gain was obtained at
a broader linewidth of 11 MHz for a free-running FFO: SR = 63% in case of CPLL
against 23% for RT PLL.

Summary of the obtained results is presented in Fig. 11.5. Experimental data for
the RT PLL with the BW of 12 MHz are shown by asterisks, for the CPLL with
BW 25 MHz - by squares, and triangles show results for the described above CPLL
with BW of 40 MHz. Lines show results of numerical simulations [17] to fit the
experiment. The “regulation BW” of 10 MHz in simulations roughly corresponds
to the synchronization bandwidth “BW” = 12MHz in experiment. Data for the
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described CPLL are shown as a solid line (effective regulation BW of 30 MHz in
simulations); these data show the advantage of BW broadening and prospects for
future improvement. There is an easy way to estimate the effect form PLL BW
widening: the SR for an FFO with a specific free-running line phase-locked by
PLL with a specific BW is the same as SR for a double-width FFO free-running
line phase-locked by the PLL with double-width BW (it works like a scale effect).
Experimental data analysis demonstrates also that the relative fraction of the phase
noise (1 — SR) falls linearly with BW increasing at SR > 50%.

It should be noted that the overall group delay for the described CPLL is
estimated as 3 ns, but both BW and SR measurements indicate the delay of about
5.5ns. It means that the additional delay of about 2.5ns is still present in some
elements of the loop; the origin for this delay is under investigation.

11.4 FFO Phase-Locking Directly by HM

The radical improvement of the described above CPLL system may be achieved
by implementation of a single SIS junction as the HM and the phase detector
simultaneously. This cryogenic harmonic phase detector (CHPD) substitutes the
HM, the HEMT-amplifier, and the CPD in the CPLL (Fig. 11.3). The CHPD and all
loop elements can be placed on the same chip with the FFO, which leads to further
loop group delay reduction. Such a PLL system will be ultra-wideband. A block
diagram of the new PLL system is shown in Fig. 11.6. The signals from the FFO and
the LO#1 are applied to the CHPD. The frequency of harmonic of the LO#1 signal
is equal to the FFO frequency (of the order of 600 GHz). The CHPD generates
an output signal proportional to the phase difference between the FFO and the
appropriate harmonic of the LO#1. This error signal is applied directly to the FFO
control line through a low-pass filter. For demonstration of the CHPD operation,
the additional SIS Mixer is used. This mixer operates as a HM (see Fig. 11.6). It
is utilized for observation of the FFO radiation line spectrum and monitoring of
the phase-locking effect. The LO#2 frequency is chosen to obtain the intermediate
frequency (IF) of this mixer of about 6 GHz. Such an IF is determined by the
operating range 4—8 GHz of the HEMT-amplifiers in IF chain of the SIS mixer.

11.4.1 On the Theory of HM

It is crucial to achieve a high-power output signal of the HM based on SIS to
reach the effective FFO synchronization. The experimental data shows that power
of the IF signal depends in a complicated way on the HM bias voltage, frequencies
and powers of the LO and FFO signals. To study the HM properties, it has been
theoretically analyzed and the 3D dependences of its output signal power versus
the bias voltage of SIS junction and the LO power have been calculated. The
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Fig. 11.6 Block diagram of the system for the FFO synchronization by the CHPD

detailed theoretical description of the SIS junction under action of microwave
frequency signals is given in [12, 18, 19]. In [12], a simplifying assumption about
the small amplitude of the input signal and shunting of the highest harmonics of
the LO by junction capacitance was used. Papers [18, 19] involved the method
of the SIS junction description in general case, that is for any powers of input
signals. Nowadays the theory [18, 19] is the most complete; it takes into account
existence of the harmonics generated by SIS junction and influence of the external
electromagnetic environment. The calculations of some HM characteristics on the
SIS based on this theory are given in [19].

We present the simplified model, which gives us the opportunity to reduce
the time of HM characteristics calculation, but good qualitative and quantitative
agreement with the experimental data still can be obtained. Let us consider the
model of the weakly interacting quasi-particles under the influence of the periodic
electric field without taking into account spin effects as in [20].

Wave function of a quasi-particle with energy E without applying high-
frequency electric field is ¥ = f(x, y, z) exp(—iEt/h), where f(x,y,z) — certain
function of coordinates, i — imaginary unit, ¢ — time, 4 — Planck’s constant. This
wave function is the eigen function of a nonexcited system Hamiltonian Hy. The
voltage across the junction is V,,; cos(w;?) + V2 cos(wzt) then two periodic signals
of frequencies w;, w, and of amplitudes V,,;, V,,, are applied to junction electrodes.
The Hamiltonian of quasi-particles system is then:

H = Hy + eV, cos(wt) + eV, cos(wit),

where Hy — nonexcited system Hamiltonian, H — Hamiltonian of system influenced
by two harmonic signals, e — charge of electron. The new wave function is:

W = f(x,y.z)exp(—iEt/h) (Z B, exp(—ina)lt)) (Z Cn exp(—imwgt)) ,

where B, and C,, — unknown functions.
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Applying this wave function to Schrédinger’s equation

we obtain equations for B, and C,,.
Solution of this Schrédinger’s equation is:

W= f(x)exp(—iEt /) (Z N (eV“”) I (e;g) exp [—i(na)l—l—mwz)t]),

where J, (o) Bessel function nth order
One can see that quasiparticles energy levels are split into levels described by

wave functions ¥y, with energies E + nhw; + mhwy; n,m = 0,£1,£2....
Probability of occupation of such levels is proportional to J,, (ﬁ) I (%*22)

Quasi-particle tunnel current is provided by quasiparticles transport between
SIS junction electrodes. This current is described as complex function of current
response j(V), here V' is a DC voltage applied to junction. The function j(V) is
calculated in [21]: j(V) = ilac(V) + Ixkx (V). Here, I4.(V') is unpumped I-V curve
of the SIS, and the Ixk (V) relates to the I4.(V') as Kramers—Kronig transform.

It should be noted that the experimentally measured j(V) function was used in
the calculations. The /-V curve of the HM contains all the information about the gap
voltage, its smearing, the gap current (current step at the gap voltage), and leakage
current below the gap.

The quasiparticle increases its energy by Aiw when the radiation quantum is
absorbed. One can describe this process by application of the voltage Aw/e to
the junction. Therefore, the tunnel current is defined by function j(V + hw/e).
As far as the quasiparticle is able to absorb several photons of the energy Aw;
and #Aw,, in order to find the total tunnel current we should sum the current

response functions jn, = J (V + ”h"" + mh‘”) subject to the probability of the

quasiparticle tunneling. The quas1partlcle transmission probability of state ¥y, to
state ¥ is defined by the matrix element (Y| W), where

[Wom) = £(x) exp(— lEl/h)( (ﬁk)J (ﬁ) exp[— 1(nw1+ma)2)t])
(Wil = g0 exp(—iEr/m) (4 (52) Ji (52) explilien + ko).

The changing of the summation variable leads to:

IV, t)y =Im Y Jy(or)Jpyi(on) Jm(e2) Jpi (02)*

n.m.l.k
xexp[—i(loy + kan)t] j (V + mho M)

’

where «; = %
1
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It should be noted that we can overwrite the current function in the form:
o0 o0

I(V,t) =ap + Z Z (2ayy cos ((lwy + kwy)t) + 2by sin ((lwy + kan)t)).
I=1 k=1

This formula shows that the signals of the frequencies described as [ w; + kw; (I and
k are integers) are generated on the SIS junction. For the practical application of the
HM, the first signal frequency is close to the frequency of second signal harmonic
k,ie.l = 1 and w; — kw, << w;. Let us put that frequency of RF signal is
w1 = 27 frE, and for LO signal is w, = 27 fio. Then current amplitude of IF

fir = frr — nfy o is given by

Iir = Va2 + by, here

a(V) =Y Jo(@) I (@2) [Jor1(@) i (@2) + Jum1(01) 44 (@2)]

nm

B A
xIdC(V—i-n e wz),

e e

bie(V) =Y Tn(@) I (@2) [Jut1 (@) i (@2) = Ju—i (@1) i (@2)]

n.m

nha)l mhwz
x I |V + + —.

e e

The dependences of the IF signal power versus the input signals parameters and the
junction bias voltage have been calculated by the presented formula. The result of
such calculations is shown in Fig. 11.7 (top part).

The experimental study of such dependences is also performed. In Fig. 11.7
(bottom part), there is a dependence of the IF power versus LO power and bias
voltage for the RF signal frequency 636 GHz and the LO frequency 18 GHz.
Good qualitative and quantitative correspondence between theory and experiment is
achieved (Fig. 11.7). The Nb—AlOx—Nb SIS junction with area of 1 u? and gap cur-
rent 90 WA was used in the experiment. The maximum output signal power of about
—90dBm has been obtained for described frequencies. However, the calculations
show that 5 dB larger value would be achieved at more careful adjustment.

11.4.2 Experimental Demonstration

A test circuit presented by the diagram in Fig. 11.6 has been experimentally realized.
The feedback loop between the HM and the FFO was implemented in two ways: by
lumped elements on a contact plate and by the microstrip lines directly on the chip.
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Fig. 11.7 Experimental (up) and theoretical (bottom) dependence of IF signal’s power versus LO
signal’s power and bias voltage across the HM. The operating point with the maximum power of
IF signal (—85 dBm) is shown on the theoretical dependence. The FFO frequency is 636 GHz, LO
frequency — 18 GHz (the 35th harmonic of LO is used) as result frequency of IF signal is equal
6 GHz. The critical current of the SIS junction was suppressed by the magnetic field

In the experiment, the FFO signal is split into two channels to pump both mixers.
Each part of the signal is downconverted, so that output signals frequencies are
400MHz for the CHPD and of about 6 GHz for the SIS (Fig. 11.6). At the first
stage of the experiment, the CHPD output signal is observed at 400 MHz by the
spectrum analyzer and is maximized by determining of the optimal operating point
(see Fig.11.7). After the optimum is found, the LO#1 frequency is tuned so that
the IF of the CHPD becomes “0” instead of 400 MHz and the FFO becomes phase-
locked. At the same time, the IF of the HM #2 is also changed but the FFO radiation
line is still presented on spectrum analyzer screen and synchronization effect is
observed.

The result of the FFO synchronization by the CHPD is shown in the Fig. 11.8.
This spectrum demonstrates the validity and the potential of the concept. The group



11 Cryogenic Phase-Locking Loop System Based on SIS Tunnel Junction 311

-10

-15 ’ \
/ AY
/
» L
-25-W..—-4"77::§~w

SRk Se w~

Power (dBc)

300 350 400 450 500
Frequency (MHz)

Fig. 11.8 Downconverted spectrum of the FFO: curve “1” — free running line, LW about 20 MHz;
curve “2” — FFO is phase-locked by the CHPD

delay of the loop is less than 2ns, and the bandwidth of such a PLL system is
expected to be about 100 MHz. For the data presented in Fig. 11.8 (curve “1”), free
running FFO linewidth is about 20 MHz and the PLL system based on CHPD can
phase-lock as much as 70% of the emitted FFO power (curve “2”). According to
the scale effect, described for Fig. 11.5, the BW of such a PLL system should be
also about 100 MHz. However, the HM output signal is limited and the open loop
gain is not large enough to for the optimal synchronization. As a result, the phase
noise shoulders like in the Fig. 11.4 demonstrating BW are not observed and the
maximum SR is not achieved.

11.5 Conclusions

The concept of the ultra-wideband CPLL system based on the CPD has been
developed and experimentally proven. The CPD based on the SIS junction has been
studied in detail. Synchronization bandwidth as large as 40 MHz has been realized
for cryogenic PL; that considerably exceeds the value of about 12 MHz obtained for
regular room-temperature PLL. The innovative CPLL system can phase-lock more
than 50% of the FFO spectral line if the free-running FFO is about 12 MHz. Practical
implementation of the CPLL looks especially promising for phase-locking of new
superconducting LOs utilizing NbN/NbTiN films, as well as for SIR applications in
the interferometry where the extremely low LO phase noise is required.

The novel application of the SIS junction — the CHPD has been proposed. The
theoretical and experimental studies of the HM are performed. Comparison of the
theoretical and experimental data demonstrates a good qualitative and quantitative
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agreement. The concept of the CHPD is experimentally realized and the FFO
phase-locking has been obtained. The part of the phase-locked FFO power is not
ultimate because output signal of HM was not large enough. This problem would be
overcome by utilizing the HM with larger area.
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Conclusion

As already mentioned in preface, it is impossible in one book to highlight all
the aspects of a rapid developing Superconducting Electronics. To extend the
knowledge about the problems, presented in 11 chapters of the book, the reader
will be helped with some relevant publications that we can recommend in the last
chapter, Bibliography.
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