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Résumé

Les travaux décrits dans cette thése apportent une contribution & la physique de la matiére
condensée des systémes désordonnés, a la physique mésoscopique d’une part et a la physique des
verres de spins d’autre part.

La premiére partie de cette thése étudie de maniére numérique le transport électronique cohérent
dans un metal non magnétique dopé par des impuretés magnétiques gelées (un verre de spins a
basse température). A l'aide d'un code récursif de calcul de la conductance & deux terminaux
du systéme, nous étudions en détail le régime métallique de conduction (conductance élevée)
ainsi que le régime isolant (faible conductance). Dans ces deux régimes, des comportements
universels du systéme sont mis en évidence. En outre, une étude des corrélations de conductance
pour deux configurations différentes des spins des impuretés permet de relier ces corrélations aux
corrélations entre configurations de spins (appelées recouvrement). Cette étude ouvre la voie a
la premiére détermination expérimentale du recouvrement par des mesures de transport.

Une deuxiéme partie de cette thése consiste a étudier le modéle de champ moyen de Sherrington-
Kirkpatrick, qui décrit la phase & basse température d’un verre de spins d’Ising. Nous nous
intéressons ici a la généralisation au cas de spins d’Ising quantiques (i.e en champ magnétique
transverse) de ce modéle classique trés étudié ces trente derniéres années. Nous déduisons an-
alytiquement des équations du mouvement dans le cas semi-classique ou l'influence des fluctu-
ations quantiques est faible, que nous comparons au cas classique. Ces équations sont résolues
numériquement par une méthode pseudo-spectrale.

Mots-Clefs : Physique Mésoscopique, Transport Electronique Cohérent, Localisation Faible,
Fluctuations Universelles de Conductance, Systémes Désordonnés, Verres de Spins, Recouvre-
ment de configurations de Spins, modéle de Sherrington-Kirkpatrick, Fluctuations Quantiques,
Théorie des Répliques.

Abstract

The results reported in this thesis contribute to the understanding of disordered systems, to
mesoscopic physics on the one hand, and to the physics of spin glasses on the other hand.

The first part of this thesis studies numerically coherent electronic transport in a non magnetic
metal accurately doped with frozen magnetic impurities (a low temperature spin glass). Thanks
to a recursive code that calculates the two terminal conductance of the system, we study in detail
the metallic regime of conduction (large conductance) as well as the insulating regime (small
conductance). In both regimes, we highlight a universal behavior of the system. Moreover, a
study of correlations between the conductance of different spin configurations of impurities allows
us to link these correlations with correlations between spin configurations. This study opens the
route for the first experimental determination of the overlap via transport measurements.

A second part of this thesis deals with the study of the mean field Sherrington-Kirkpatrick model,
which describes the low temperature phase of an Ising spin glass. We are interested here in the
generalization of this model to quantum spins (i.e including the possibility to flip by quantum
tunneling) of this classical model that was well studied during the past thirty years. We deduce
analytically motion equations at the semi-classical level, for which the influence of quantum
tunneling is weak, and we compare them with the classical case. We finally solve numerically
these equations using a pseudo-spectral method.

Keywords: Mesoscopic Physics, Coherent Electronic Transport, Weak Localization, Univer-
sal Conductance Fluctuations, Disordered Systems, Spin Glasses, Spin Overlap, Sherrington-
Kirkpatrick model, Quantum Fluctuations, Replica Theory.
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viii INTRODUCTION

As pointed out very recently by David Sherrington [1], it has been recognized that, for
almost fifty years' that: the cooperative physics of interacting systems can exhibit fundamental
new behavior that is not apparent in the properties of the individual "elementary units” that make
up a many-body system of a very large number of these units. One famous example of complex
systems are spin glasses, where the "elementary unit" is a spin.

As we will see in the following of this manuscript, a "cartoon" to illustrate the character of
a complex system is a rugged energy landscape with many hills and valleys. The complexity
arising in the case of spin glasses can be illustrated by the so-called Dean’s problem?. A College
Dean is faced with the task of placing students into two dormitories in such a way to ensure that
the students are as happy as possible, given that any individual pair might want to be in the
same dormitory or in different (we assume for simplicity that feelings between pairs of students
are mutual). If, for any three students the number of pairing preferences for being apart is
odd, then not all these preferences can be satisfied simultaneously. In chapter I, we present the
general feature of frustration in the case of Ising spins (spins pointing "up" or "down"), but if
the reader is not accustomed to spins, he can remind this analogy with spin "up" represented by
a positive feeling (the corresponding students are willing to be in the same dormitory) and with
a spin "down" represented by a negative feeling. This impossibility to satisfy all the students is
precisely at the origin of the rich and interesting physics of spin glasses.

On the other hand in the past thirty years, the development of nano technologies made it
possible to build very tiny metallic wires and electric devices and allowed to study electronic
transport in such circuits. The classical representation of electric transport described at the
beginning of last century (Kirchoff, Drude, ...) no longer hold at low temperatures and the
requirement of quantum mechanics became compulsory to explain the behavior of electrons in
these nanometric samples. In figure 1 is presented one of the numerous devices used to measure
the so-called Integer Quantum Hall Effect (IQHE). The classical Hall effect is known for more
than 100 years, but IQHE has been observed experimentally only very recently (Nobel Prize for
Klaus von Klintzing in 1985 for the first observation of IQHE in 1980).

Most of the time, the nano-devices are built with metals or semiconductors, but hardly any
studies are performed with spin glass nanowires inside to measure their resistance. The main
goal of this thesis is to perform a quantitative theoretical analysis of transport in nano wires
built of spin glasses. One major reason to do this lies in the fact that the resistance, in the
quantum (or coherent as we will see later) regime is characteristic of the internal disorder that
is encountered by the electrons (i.e impurities, ... ).

In the first part of this thesis, we introduce in detail the spin glass physics (chapter 1), in par-
ticular, we show the occurrence of a phase transition between a paramagnetic and a magnetically
frozen state (the spin glass phase). At the end of this chapter, we present different theoretical
proposals aiming to describe the spin glass phase. We show that it is a very poorly understood
state. This lack of information lead us to propose a new technique to get information on the
complexity of spin glasses, which is coherent transport. Chapter 2 and 3 introduce the coherent
transport in metallic devices at the theoretical and experimental level in detail. Moreover, e
present in chapter 3, the few experimental studies of coherent transport in spin glasses. In part
II, we describe the numerical method we use for that purpose (chapter 4), and in chapter 5 and
6 we present our results. In chapter 6 we address in particular the issue of the experimental
measurement of our proposal.

Lsince the theoretical explanation of superconductivity by Bardeen, Cooper and Schrieffer.

2this example is a first approach to frustration arising in spin glasses, due to random interactions between
spins
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Figure 1: Illustration of a nano circuit with metallic wires of width of a few tens of nanometers. This
particular shape is used to measure the Hall effect in the quantum regime (Integer Quantum Hall Effect).

The last part of this thesis deals with a model of spin glasses which is a generalization of
the Sherrington-Kirkpatrick model, and that accounts for the description of an Ising spin glass
in a transverse magnetic field® at the mean field level. We present our motivations in chapter 7
and chapter 8 is devoted to the analytical derivation of the equations of motion, and preliminary
numerical solutions of these equations are presented.

3here transverse means that the magnetic field is perpendicular to the direction of the Ising spins.
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Introduction






Le commencement est comme un
dieu qui, aussi longtemps qu'il
séjourne parmi les hommes, sauve
toutes choses.

Platon

Lavantage du désordre c’est qu'il se
transforme en ordre, t6t ou tard.

Jean Basile

Chapter
The Spin Glass physics



4 CHAPTER 1. THE SPIN GLASS PHYSICS

1.1 Spin Glasses: the physics of complexity

1.1.1 A new state of matter

liquid-gas transition, continued with the study of perfectly condensed matter, such as
the paramagnetic-ferromagnetic transition, or the superconducting state of matter, characterized
by a non resistive current conduction, which has been studied in great details and rewarded by
Nobel prizes. All these states are characterized by long range order and pure materials. But in
the nature, there exists no crystal perfectly grown on a scale greater than the centimeter. For
instance inclusions in diamonds or precious stones are defects, and the definition of the "carat"
concerning gold is representative of the degree of purity of the metal, see table 1.1. On this table
we see that even a 24 carat gold piece has impurities (0.01% of the atoms are impurities). We
then conclude that in the nature, matter is ill-condensed®.

Table 1.1: Definition of the carat as a function of the atomic percentage of gold.

carats 24 20 18 16 14 12 10 8 6 4
% of gold | 99.99 | 83.34 | 75.01 | 66.68 | 58.35 | 50.02 | 41.69 | 33.36 | 25.03 | 16.7

Spin glasses are one famous example of disordered materials. The simplest definition of a spin
glass is the following: it is a collection of magnetic moments, frozen at low temperature, with
no simple long range order. This disordered phase is unconventional as we are more accustomed
to the perfect order of usual magnets (i.e ferromagnets). A first type of spin glasses consists in
doping a non magnetic noble metal matrix (Au, Ag or Cu) with transition metal impurities (for
instance Mn or Fe). But later in this manuscript we will also study insulating spin glasses, that
are alloys of the type: LiHo,Y;_,F4, with dipolar interactions between impurities. A third type
of spin glasses are semi-conducting. There exists then a wide range of types of spin glasses. In
part II, we study metallic spin glasses, and in part III, we will mostly focus on insulating spin
glasses. In all these compounds, the disordered phase that characterizes the spin glass implies
the occurrence of a competition between the moments, so that no single configuration is uniquely
favored. In the next section, a brief presentation of the interaction between the spins is presented.

1.1.2 Interaction between spins

At high enough concentration of impurities, the interactions between spins of impurities cannot
be neglected. The type of interactions depends on the nature of the spin glass. For canonical
spin glasses the interactions are indirect and due to the polarization of the electronic cloud as we
will see in the following, and for insulating spin glasses the interactions appears to be of dipolar
kind. In this section, we focus on the origin of the interactions for canonical spin glasses, since
they are the most widespread category of spin glasses.

As shown by Ruderman and Kittel in 1954 [3], Kasuya in 1956 [4] and Yosida in 1957 [5], the
RKKY interaction between two magnetic impurities is an indirect polarization interaction. A first
impurity polarizes the surrounding cloud of electrons of conduction: the spins of these electrons

Lthis expression is taken from the title of a school at Les Houches [2].



1.1. SPIN GLASSES: THE PHYSICS OF COMPLEXITY 5

will tend to align or anti-align with the spin of the impurity. The corresponding susceptibility of
the cloud is of the form:

x(r) o C(()Ziik;;g), for r — 00 (1.1)

kp is the Fermi wave vector of the electrons in the sample. The spatial oscillations of the

l 1
Lo T
Cot ‘"‘ ‘,
‘\ T T /IJ/
U
N PN
!

Figure 1.1: Schematic representation of the electronic cloud surrounding an impurity. Spins of electrons
are polarized because of Friedel oscillation of the susceptibility of the cloud. These oscillations tend to
favor ferromagnetic interactions up to distance di. Then antiferromagnetic couplings tend to anti align
the spins of electrons.

susceptibility are known as the Friedel oscillations and the consequence on electrons is illustrated
in figure 1.1. The polarized cloud will then act on the spin of another impurity in the same
way. The consequence of RKKY interaction and of random distances between impurities leads
to a random sign in the interaction (i.e the interaction between the magnetic impurities is
either ferromagnetic or antiferromagnetic, depending on the distance between them). Concerning
insulating spin glasses, the interaction is different quantitatively but it also leads to a random
ferromagnetic or antiferromagnetic interaction between spins (or pseudo spins, see chapter 7,
section 7.3).

1.1.3 The physics of frustration

Interactions between impurities whose main characteristic is to be either ferromagnetic or anti
ferromagnetic, leads to frustration. Two main types of frustration exist: the geometrical frustra-
tion, due to the topology of the lattice (it is for instance the case in spin ice as described below).
The second type of frustration, which occurs in spin glasses is due to disorder. It is the goal of
this section to present these two types of frustration.

Geometrical frustration

Consider a triangular lattice with antiferromagnetic bounds as illustrated on figure 1.2. We
show that, if the product of the couplings J in the loop is negative, the system is frustrated:
no single configuration of the spins satisfies all the constraints in the lattice. This geometrical
frustration is crucial in compounds as Dy3TiaO7 or HoaTis O [6, 7] called spin ice, by analogy
with real water ice. In these compounds, the frustration is related to the tetragonal topology of
the pyrochlore lattice.
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J <0 J <0

J <0

Figure 1.2: Triangular lattice with antiferromagnetic bounds between the Ising spins. No configuration
(up or down) for the third spin satisfies all the constraints in the system.

Frustration due to disorder

Another type of frustration is the frustration due to disorder: in the previous section, it has been
shown that in canonical spin glasses, interactions between impurities have an oscillatory behavior
with the distance between impurities. Consider three impurities labeled by (A), (B) and (C).
We suppose impurity (A) to be at the origin as illustrated in figure 1.3. The impurity (B) is at

(B)

J>0 J >0

J >0

Figure 1.3: Random positions of impurities (A), (B) and (C) lead to couplings with random signs
following equation (1.1), and therefore to frustration. J > 0 leads to ferromagnetic couplings and J < 0
to antiferromagnetic couplings.

a distance r(g), which corresponds to an antiferromagnetic coupling thanks to equation (1.1). In
the same way, impurity (C) is at a distance () of (A) which also leads to an antiferromagnetic
coupling between impurities. Between (B) and (C), the distance is such that the coupling is
ferromagnetic. Here again if the spin of (A) is up and the one of (B) is down, no configuration
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for the spin of (C) satisfies all the constraints in the system. This kind of frustration is intrinsically
due to the random positions of impurities and to the Friedel oscillations of the couplings between
them.

At low temperature, when interactions between spins are dominant with respect to the ther-
mal fluctuations, the system freezes into a magnetic state with no long range order: spins are
frozen in a configuration where all constraints cannot be simultaneously be satisfied, the system
is called frustrated. This phase is characterized by a vanishing spontaneous global magnetization
but a non vanishing spontaneous local magnetization? at each site. Consequently, the descrip-
tion of the freezing in terms of a standard magnetic order parameter, such as the averaged
magnetization for the paramagnetic-ferromagnetic transition will fail.

1.2 The Spin Glass state

This section is not a exhaustive description of all properties of Spin Glasses, it is a brief intro-
duction to some relevant characteristics of the Spin Glass phase due to frustration. For a more
detailed analysis see [8, 9, 10].

1.2.1 From a paramagnet to a Spin Glass: a conventional phase tran-
sition?

The existence or not of a real phase transition from a high temperature paramagnetic state, where
the spin of each impurity flips almost freely to a low temperature spin glass where the spins appear
frozen with no long range order, has been a debating issue for years. The temperature of freezing
of the spins is deduced experimentally from susceptibility measurements. In figure 1.4 Mulder et
al. [11] show the "hallmark" of spin glass behavior. The susceptibility is measured by applying
an oscillating magnetic field and measuring the magnetic response of the material (a Cu:Mn spin
glass in that case). At high temperatures the susceptibility follows a usual Curie law, similarly
to what is found for an ideal paramagnet. At low temperature, the spins can no longer follow the
oscillating magnetic field, and hence the real part of the susceptibility x’(w) shows a sharp drop.
The spin glass temperature is defined as the temperature of the maximum in x’ as shown by the
arrow on this figure. In inset, a zoom on the peak shows that it is rounded and that it depends
weakly on the frequency of the magnetic field. The exact value of the spin glass temperature is
the extrapolation in the true static limit (w — 0).

Usually, to prove the existence of a conventional phase transition thermodynamically, and to
deduce the order of the transition, we use the discontinuity or the cusp of the specific heat of
the system [12]. In figure 1.5, Wenger and Keesom [13]| show that there is no detectable cusp
or discontinuity in the specific heat at the spin glass transition indicating no standard phase
transition.

Another proof of the existence of a phase transition lies in the divergence of the non linear
part of the magnetization M in a magnetic field H. Writing the expansion for M in a weak

magnetic field:
M . 1 pH\? 2 pH\*
=i ay - cay (= Zas (= 1.2
7R l‘” 3a3(k:BT) +15a5(kBT) e (12)

where y is the magnetic moment per spin and x4 is the linear susceptibility for a non interacting
paramagnet, one can find an expression for the non linear susceptibility 1 —M/(xoH ), where o is

2this local magnetization indicates a freezing of the spins and it vanishes in the high temperature phase.
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Figure 1.4: Real part X' of the complex susceptibility x(w) as a function of temperature for a Cu:Mn
sample (). The inset shows the frequency dependence and rounding of the cusp by use of strongly expanded
coordinate scales. Measuring frequencies: 1.33 kHz (squares), 234 Hz (circles), 104 Hz (crosses) and 2.6
Hz (triangles). Extracted from Mulder et al. [11].

the susceptibility of the paramagnet. Omari et al. [14] have studied this quantity experimentally.
They have shown that it diverges at the spin glass temperature as predicted by [15]

1-— % = (1-T/T,)’M l(%)Q (1- T/Tg)—<v+ﬁ>] .

» (1.3)

Figure 1.6 presents corresponding data for the Cu:Mn spin glass in a scaling form. See also [16].

To end up with the study of the transition, it is also possible to characterize the freezing
temperature T, from measurement of the out of phase susceptibility x”. In figure 1.7 are plotted
the real and imaginary parts of the susceptibility as functions of temperature. The imaginary
part presents a sudden evolution near the spin glass temperature T, with a maximum at the
transition. This temperature corresponds also to the maximum of the variation of x”, dx” /dT.
Dissipation® in the system strongly indicates the appearance of relaxation phenomena. We will
come back to this point in the next two sections.

It is worth noticing that the study of linear or non-linear susceptibilities gives hardly any
information on the spin configuration of the spin glass and its modification with time or successive
quenching of the system as they measure correlations between spins in the same configuration
and at different positions. One aim of this thesis is to find another quantity that is able to
describe such modifications.

1.2.2 Field cooled (FC) and zero-field cooled (ZFC) susceptibilities

Another characteristic of spin glasses is their sensitivity to small perturbations, such as a weak
magnetic field upon cooling. More accurately, for temperatures below the spin glass temperature

3i.e a non vanishing imaginary part for the susceptibility.
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Figure 1.5: The specific heat of a Cu:Mn alloy plotted versus temperature. The arrow shows where the
susceptibility has its cusp. Extracted from Wenger and Keesom [13].

Ty, the value of the susceptibility depends on how the system was cooled down at T,. Two
possibilities are considered:

(i) Zero field cooled: the system is cooled down from a temperature above Ty, to a tempera-
ture below T,; without applying any magnetic field. In the low temperature phase, a small
magnetic field is applied to measure the susceptibility.

(ii) Field cooled: the system is cooled down under a given weak magnetic field H. The curve
of susceptibility obtained is almost constant and different from the one obtained via a ZFC
process.

The results are presented in figure 1.8 and are extracted from [18]. Again, the study is done
with a Cu:Mn spin glass. Only a weak magnetic field is sufficient to modify completely the spin
glass response, resulting in very different values of susceptibility. Experimentally, concerning
ZFC, each measure of susceptibility implies the use of a magnetic field and takes a few minutes.
The transition temperature T}, is defined as the temperature of appearance of the irreversibility
ZFC-FC, it will then depend weakly on time as seen previously in figure 1.4, where the real part
of the susceptibility depends on the frequency of the magnetic field.

This curve shows also that the behavior of a spin glass depends on its history: the value
at low temperature of the susceptibility depends on the way the system has been cooled down
previously (with or without a magnetic field). All these results suggest that a spin glass is not
at equilibrium: the frustrated spins may relax. Measures of the dynamic susceptibility [19] in
figure 1.9 allows the determination (at least qualitatively) of the distribution of relaxation times.
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dependence of as and as. The continuous curve 1 and the dashed curve 2 give the asymptotic behaviours.
Eztracted from Omari et al. [14]. The spin glass considered is Cu:Mn for 1 at %.

Following [19], it is possible to write for the real and imaginary parts of the susceptibility:

Tmaz d(logT)
X' (W) = xs+ (xr—Xxs) /Tmm g(T)ma (1.4)
Tmaz d(log 7)
X' (w) = (xr—xs) /Tmm WTQ(T)ma (1.5)

where xr and xs are respectively the isothermal and the adiabatic susceptibilities. This defines
an effective distribution of relaxation times g(7). The existence of a lower (7,,:n) and an upper
(Timaz ) bound for the relaxation times is assumed. Experimentally, it is possible to estimate these
bounds as well as the average relaxation time 7,,, as shown in figure 1.9. This curve indicates
the existence of a great range of relaxation times, and consequently a complex landscape for the
phase space of a spin glass. In the next section we will present more quantitative examples of
dynamic effects in spin glasses and come back to this notion of complexity.

1.3 Aging and rejuvenation in a spin glass

Spin glasses are aging due to frustration: after a quench of the system, spins will relax to satisfy
more and more constraints. The more constraints satisfied, the slower the relaxation as the
number of frustrated spins diminishes. As a consequence, the only characteristic time of the
dynamics is its age, as we will see below.

1.3.1 Thermo-remanent magnetization

To measure the thermo-remanent magnetization (TRM) of a system, the system is cooled down
from a temperature above the spin glass temperature T to a temperature Ty < Ty, in a small
magnetic field. It then "waits" during time ¢,, at Ty in the same field. At ¢ = 0, the field is shut
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Figure 1.7: . Temperature dependence of the dispersion ' (solid symbols) and absorption x" (open
symbols) for Eug.2Sr0.8S, for w = 10.9 Hz (circles), 261 Hz (squares) and 1969 Hz (triangles) (applied
ac field h = 0.1 Oe). Extracted from [17].

down and the magnetization is measured. Results are presented by Vincent et al. [20] in figure
1.10, plot 1.a. Different curves correspond to different waiting times ¢,,.

This plot shows that the relaxation curves of the magnetization M (t) depend on the age t,,
of the system. Qualitatively, the more one waits, the slower the relaxation of the magnetization.
Aging phenomenon is highlighted: TRM is a non-stationary quantity. In this semi-log plot,
each curve presents an inflection point around logt ~ logt,,. As the relaxations are slower than
exponential, the assumption of one single relaxation time is wrong as seen in the previous section,
and the magnetization is written in terms of the distribution of relaxation times g(7) [20]:

M(t + to, tw o0 o
() = et [T e (1.6

0

where 7y is a microscopic attempt time. Mj .. is the field cooled magnetization®. The distribution
depends also on the waiting time t,,. The derivative with respect to logt of this equation gives
access to the distribution of relaxation times:

dmtw (t)

~ . 1.
e~ () (17)

Figure 1.11 from reference [21] shows a plot of the spectrum of relaxation times. As previously
said, the maximum of the distribution verifies logt¢ ~ logt,,. Therefore, in first approximation,
aging can be seen as a "logarithmic shift towards longer times of a wide spectrum of response
times" [20]. This suggests a t/t,, scaling in the TRM. This is the plot 1.b of figure 1.10.

Afor T < T, g, the field cooled magnetization is almost constant, according to figure 1.8.
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Figure 1.8: Static susceptibilities of Cu:Mn vs temperature for 1.08- and 2.02-at.% Mn. After zero-field
cooling (H < 0.05G), initial susceptibilities (b) and (d) were taken for increasing temperature in a field
of H = 5.90G. The susceptibilities (a) and (c) were obtained in the field H = 5.90G applied before cooling
the samples. Extracted from [18].

1.3.2 Temperature cycles

Up to now, we have considered dynamics of the spin glass at a single temperature below the
transition. In this part we discuss what happens when the temperature is varied in the spin glass
phase, giving rise to spectacular effects of frustration as the one presented in figure 1.12. On the
left curve, the authors [20] quenched a system below the spin glass temperature (at 77 = 12K).
The results on the out of phase susceptibility is the sharp decrease we have already discussed.
After aging during a time ¢; at temperature 77, the system is cooled down to 75 = 10K. The
imaginary part of the susceptibility starts again to age, as if the system just came from the
paramagnetic state (sharp decrease of x”’). This effect is called rejuvenation: the system acts
as if it did not remember it was in the spin glass phase during time ¢;. At this temperature, the
system starts to age during time ¢5. At that time, the temperature is increased to T3 = 12K
again. The aging starts again as if the system had not been cooled down to T» (see the inset of
that figure). This is one spectacular signature of memory effect as seen previously. The right
curve of figure 1.12 shows the same effects for two steps in temperature, and for a canonical spin
glass in inset.

In this section both static and dynamic characteristic behaviors of spin glasses were illus-
trated, but no experiments showed the measurement of a true order parameter for the spin glass
transition, as the magnetization in the case of the paramagnetic/ferromagnetic phase transition®.
The next section deals with the theory of spin glasses and the question of the order parameter
will be addressed.

5we remind the reader that here the magnetization is not a good order parameter as it is vanishing in both
phases when no magnetic field is applied.
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Figure 1.9: Relation times as obtained from X" measurements for the (Co0)o.a(Al>O3)o.1(Si02)o.5
spin glass, plotted versus inverse temperature: mazimum and minimum relazation times (respectively
open and solid squares), average relazation time (stars). Open circles are deduced from the frequency
dependance of Tg(w) (peak of x'(w)) and solid circles are wSR measurements. Extracted from [19].

1.4 Theoretical proposals for Ising spins

In this section we focus for simplicity on Ising spins since most of the theoretical studies are done
for Ising spins. See [24, 25] for very recent studies on Heisenberg spin glasses.

Two main theories are available to describe the Ising spin glass phase: a model first developed
by Edwards and Anderson (EA) [26, 27] followed by its solution at the mean field level: the
Sherrington-Kirkpatrick (SK) model. A second theory was developed in the early eighties by
Fisher and Huse [28], which gives different results. The goal of this section is to introduce both
models and to give the main differences between them.

1.4.1 Mean field theory: the Sherrington-Kirkpatrick model
Preamble: the EA model

In 1975, Edwards and Anderson [26] proposed a model to describe the nature of the low temper-
ature spin glass phase, given by the following Hamiltonian:

H=— Z J1J§Z§]+hzslz, (18)
<%,7> i

where 5;- is the spin at site ¢ and h a magnetic field along the z-axis. J;; represents the coupling
between spin ¢ and j. These spins are situated on a regular lattice and J;; is random in sign,
with equal probability to have positive or negative couplings. See [8] and [10] for a review. The
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Figure 1.10: I.a: Thermo-remanent magnetization M, normalized by the field cooled value M., versus
time (in seconds) (log scale) for the Ag:Mny g9 sample, at T = 0.87T,. The sample has been cooled in a
0.10e field from above Ty to 0.87Ty; after waiting t., the field has been cut at t = 0, and the decaying
magnetization recording. 1.b: Same data as 1.a presented as a function of t/tw. Extracted from [20].

distribution of couplings P[J;;] is often considered gaussian
N NJ}
P[Ji;] = E \ 2.7 &P (‘ 572 ) (1.9)

1 1
55(Jij —J)+§5(Jij+<]). (1.10)

or bi-modal:

PlJij] =

This last model is also often called the "+.J model".

Suggesting that the spin glass phase is characterized by a freezing of spins in random orien-
tations, Edwards and Anderson proposed the following order parameter, known as the Edwards-
Anderson (EA) order parameter:

N
ama =+ 30 Pa D (S, (1.11)

where (-) represents the ensemble average and N is the number of magnetic impurities. P, is
defined by:
e_BFa

S, e fla

F, is the free energy of the system in the energy valley o (5 =1/(kpT)). At high temperature,
when spins flip freely, this quantity is equal to zero, whereas it is non zero when is system is
trapped in one domain of phase space® following the illustration of figure 1.14. This definition of
the EA order holds in the static limit (the system cannot escape from its energy valley), which
is the limit we will consider in all the following. For the original dynamical definition of the EA
order parameter, see below.

P, = (1.12)

6called an ergodic component.
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Figure 1.11: Fvolution of the relazation time spectrum (g(7) vs 7) for different total time tior = t + tw
the system is kept at fized temperature (T = 23K ) for a Cu:Mn spin glass (4 at % Mn). The relazation
time spectrum is normalized according to [ g(t)dlogT = 1. Extracted from [21].

The EA order parameter and dynamics.
As we have seen in the previous section, spin glasses are slowly relaxing materials. To take
the time dependance (aging) into account, the Edwards-Anderson order parameter is defined
as: . .

dEA = lim lim <Si(t0>si(t0 + t)> (113)

t—oo0 N—o0

This order parameter measures the memory of spin S; from time to to time tg + t. In the
paramagnetic phase, it tends to 0, whereas it can take finite values in the spin glass phase
(even if the limit ¢ — oo is taken).

The SK model

A mean field version of the EA model is provided through the Sherrington-Kirkpatrick (SK)
model developed in 1975 in [29]. It is an infinite range (mean field) generalization of the EA
model in the simpler case of Ising spins (S7 = £1). All spins interact with each other (not only
the nearest neighbors as in the EA model) and the Hamiltonian is given by:

1 z z z
HSK:_EZJUSZ.SJ. +hZSZ-. (1.14)
2,7 2

The couplings J;; are taken according to the gaussian distribution of equation (1.9), and h is
a longitudinal (along the axis of the Ising spins) magnetic field. We will not describe here the
calculations within the SK model as chapter 8 is devoted to the solution of this model with an
additional transverse magnetic field term: I' ). S7. The solution of this model is performed
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Figure 1.12: Left curve: out of phase susceptibility XN of the CdCri.7Ing.3Ss sample (T, = 16.7K)
during a temperature cycle. The frequency w is equal to 0.01Hz. The inset shows that, despite the strong
relazation at 10K, both parts at 12K are in continuation of each other. Extracted from [20]. Right curve:
same sample as the left curve, but with two stops during cooling, which allow the spin glass to Th at 12K
and then 40h at 9K. Both aging memories are retrieved independently when heating back (solid circles).

The inset shows a similar "double memory" experiment performed on the Cu:Mn metallic spin glass [22].
Eztracted from [25].

using the so called replica theory (see [30, 31] for a recent review and chapter 8). This method
is useful to calculate disorder averaged free energies in disordered systems, as the averaged free
energy is defined by:

F = —kgTlog Z, (1.15)

where Z is the partition function of the system and the overline operator represents disorder

averaging. It consists in considering the following "replica trick"

— Zn —1
log Z = lim .

n—0 n

(1.16)

Assuming n is integer, the quantity Z” is interpreted as the product of the partition functions
of n replicas of the same system. When all replicas are assumed equivalent, the paramagnetic
phase can be accurately described, but it is not the case of the spin glass phase: in 1978, de
Almeida and Thouless (AT) showed [32] that the replica symmetric solution of the SK model is
unstable at low temperature: the resulting entropy is found negative.

Instability of the SK solution: the de Almeida and Thouless (AT) line

The accurate description of the spin glass phase is achieved [33] by breaking the symmetry of
permutation of replicas, as explained in [32]. From this point, it is possible to define the spin
overlap Q“7, which accounts for the similarity between replica « and .

N
1
Q= 5 2SS (1.17)
i=1
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In the symmetric case, this overlap becomes equal to the EA order parameter. In the non
symmetric case, it defines a non trivial distance between two replicas in ultrametric trees:

1
d* = 5(1 — Q). (1.18)
The distribution of overlaps Q*? for all pairs of replicas («, ) is defined as the order parameter
of the spin glass transition [34, 33, 35].
In this article, the influence of the magnetic field h is also studied and the following phase

diagram (figure 1.13) shows the AT line” in the (h,T) plane. See also [36].

H

T T

Figure 1.13: The magnetic field-temperature phase diagram in the Parisi and replica symmetry breaking
(RSB) picture.

Interpretation in terms of a hierarchical structure of the free energy

To explain qualitatively the previous results, a hierarchical view of the free energy of the system
has been proposed, as illustrated in figure 1.14. Consider a system quenched at temperature
T. Tt is then trapped in valley «, B or v (at a given level of the hierarchical tree). The system
must search for equilibrium in a new landscape, aging starts. If the temperature is decreased to
T — AT, new free energy barriers appear and the system, again, must search for the equilibrium,
it restarts aging (as seen on figure 1.12). If the temperature is increased back to T, the new
metastable states disappear and the system is quenched in its energy valley «, 3 or v, and
previous aging at temperature 7' — AT does not play any role. This hierarchical structure for
the metastable states explains both rejuvenation and memory effects. Moreover, the appearance
in the free energy landscape, of energy barriers with very different heights, is strongly in favor
of a wide distribution of relaxation times (i.e times to go from one energy valley to another at
fixed temperature).

Tthis line represents the frontier between a region where replica symmetry holds and a region where replica
symmetry breaking (RSB) appears.
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Figure 1.14: Schematic picture of the hierarchical structure of the metastable states as a function of
temperature. Extracted from [20].

1.4.2 Scaling theory: the droplets model

This phenomenological model, proposed by Fisher and Huse in 1986 [28] and reviewed in [§],
accounts for the short-range Ising spin glass. This is a scaling theory based on a simple ansatz,
motivated by works of Bray and Moore [37] and MacMillan [38]: at zero or very low temperature,
the spin glass phase is constituted of one unique fundamental state (up to the reversal of all spins).
Flipping all the spins in one compact region of the sample (one "droplet") of size L will cost a
free energy® that grows with the size of the droplet with a power law: Fy, ~ LY. 0 is called the
stiffness exponent [38]. It is crucial to deduce the sign of this exponent as, if § < 0, the energy
of the phase with droplets decreases with L and thermal fluctuations can break this phase, or
if # > 0 the energy of droplets grows with their size and the phase is not destroyed by thermal
fluctuations.

The case of ferromagnets

Let consider first the simpler case of ferromagnets before studying the Ising spin glass. In
Ising ferromagnets, the low temperature phase sees all its spins pointing in the same direction.
Reversing a droplet will then cost an energy proportional to the size of the domain boundary:

AE ~ JL1, (1.19)

8this droplet contains L? spins, where d is the dimension of the sample.
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where J is the coupling between spins. In that case, if d > 1 the ferromagnetic phase is stable.
d; = 1 is called the lower critical dimension.
The case of spin glasses

In the case of Ising spin glasses [39], the random coupling lowers the free energy of the domain,
and:

AF, ~TL?, (1.20)

with 6 < 1/2(d — 1) and Y is a generalization of the interfacial tension. The distribution of the
excitation free energies F, of droplets has the scaling form:

——p(Fp/YLY (1.21)
for large L, with p(0) > 0.

Spin glasses in a magnetic field: the argument of Imry-Ma [40] states that a droplet has
a magnetization of order L%? so that any field aligns the large droplets since § < d/2. As

a consequence, no spin glass phase survives in a magnetic field. Figure 1.15 shows the phase
diagram in the (h,T') plane, where h is the magnetic field.

H

PM

SG\

1. T

Figure 1.15: The magnetic field-temperature phase diagram in the droplet picture.

1.4.3 Slow dynamics and aging

Before concluding, we propose, in this section an overview of theories describing slow dynamics
in spin glasses. For a recent review of these results see [41].
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E Phase Space

Figure 1.16: Illustration of the trap model.

The trap model

This is a mean field model that accounts well for the description of aging phenomena, and it has
been developed by Bouchaud in the 90’s [42]. In the SK model, it is possible to show that the
free energy of states, in the limit of small energies (E — —o0) is distributed following:

T
p(E) = poe®PE,  with = T (1.22)
g

This exponential distribution can also be found when we consider the Random Energy Model
of Derrida [43], not described here. The trap model links this distribution with the statistics of
energy barriers between states. As illustrated in figure 1.16, the energy needed to go from one
state to another is constant and taken to zero. States are distributed as equation (1.22). If the
system evolves by thermal activation, the characteristic time of stay in a well of depth F is given
by an Arrhenius law: 7(E) o exp (BE).

As soon as the system has left a well, all the other wells in the phase space are accessible
with the same probability. In this approach, the dynamics inside a well is neglected since it is
assumed to be faster than the dynamics to exit a well. The crucial tool is the exit time 7(FE).
We can calculate the average time of presence in a well, and we find it diverging in the spin glass
phase. Consequently, the system is incapable to sample correctly the whole phase space. It is
called a weak ergodicity breaking. This ergodicity breaking is only statistical, it does not
correspond to a reduction of the phase space of the static states. This model allows to study the
consequences of this weak ergodicity breaking on the aging properties of the system.

We also mention the existence of an extended version of the trap model developed by
Bouchaud and Dean [44]: the ultrametric trap model.
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Brief introduction to the mean field approach to glassy dynamics

The Langevin dynamics of the SK and other mean field disordered models have been studied [41]
in the thermodynamic limit (N — c0), where exact integro-differntial equations on the correlation
and linear response are derived, and have been solved both numerically and analytically in the
asymptotic limit. Below the critical temperature, the dynamics is studied by considering the
autocorrelation function C(t 4 t,,, t,,) defined as:

Ot 4t tu) = 3 Bl  DS:(E)) (123)

%

We write C' as the sum of a stationary and an aging contribution [45]: C'(t + ty, tw) = Cse(t) +
Cag(t+tw,tw). Similarly, we decompose the response function to a variation of magnetic field
as R(t + tw, tw) = Ret(t) + Rag(t + tw,tw)). R is defined by:

R(t 4 to, ty) = %Z a%(t * tw)) (1.24)

hi(tw) Ih=0

It is possible to prove formally that the Fluctuation Dissipation Theorem (FDT) holds for short
time differences [46]:

Ry(t) = laCSt(t)-

T ot
From this FDT, it is possible to define the Fluctuation Dissipation Ratio (FDR) as the ratio of
the autocorrelation and response [47]. When the FDT holds (1.25), the FDR is proportional to
the temperature of the system.

The aging components of R and C' do not verify FDT. It has been proposed a generalization
which states that the FDR is proportional to an effective temperature 7., different from
the temperature measured by a thermometer [48]. Hérisson and Ocio have tried to measure
this effective temperature experimentally in [49], whose results are shown in figure 1.17. The
experimental occurrence of several effective temperatures each of which related to one of the
numerous time scales seems to work here.

(1.25)

1.4.4 Conclusion

It is important to study spin glasses as they are model systems to study disordered phases in
general (structural glasses, for instance [50, 51]) as their source of disorder is very well con-
trolled experimentally (doping with magnetic impurities) and is well-known. The complexity of
these materials originates from frustration. It leads to exotic behavior as aging or rejuvenation
phenomena, as we have shown in this chapter.

These compounds have been well studied during the last 30 years but the spin glass phase
is still a very poorly understood state of matter: the validity of both competing theories for the
description of Ising spin glasses as shown above is discussed in [52], and the conclusions of these
proposals are contradictory, as concerns first the nature of the low temperature phase and second
the effect of a magnetic field on a spin glass.

(i) The mean field approach predicts that the phase space has a huge number of energy valleys
with diverging barriers between them. This phase space has an ultrametric structure as
shown in figure 1.14, with hierarchy, which is consistent with the replica approach as we
will see in chapter 8. The consequence of this complexity is that the distribution of overlaps
P(Q) (equation (1.17)) has a non trivial structure.
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Figure 1.17: Experimental Fluctuation Dissipation diagram in a spin glass, for different temperatures.
Violation of FDT is clear, as well as the apparent disagreement with one effective temperature scenarii.
Eztracted from [49].

(i)

On the contrary, in the droplet picture the ground state of a short range Ising spin glass is
trivially degenerate (Zs symmetry of the ground state), which leads to a trivial distribution
of overlaps P(Q). The low-lying excitations of the spin glass are droplets (clusters of
connected spins with similar orientations) and are responsible for the slow dynamics of spin
glasses.

As shown on figure 1.13, at the mean field level spin glasses exist in a longitudinal magnetic
field. The spin glass phase is separated from the paramagnetic phase with the AT line. On
the contrary, no spin glass phase survives the application of a magnetic field in the droplet
theory as shown on figure 1.15.

Moreover, the spin overlap, which is known to be the order parameter of the transition has still
not been measured experimentally and should be of great interest to discriminate between both
theories.

The main part (part II) of this manuscript deals with an original theoretical proposal to
deduce experimentally the order parameter from electronic transport measurements. Part III
deals with the more fundamental issue of the ground state of the infinite range Ising spin glass
in a transverse magnetic field. The next two chapters present electronic transport in metals and
in spin glasses.
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2.1 What is coherent transport?

2.1.1 Introduction

Classical transport and Ohm’s law

=D
,3\&( LECTRONIC transport deals with the issue of how electrons move in a conductor. In a
6‘1}%5 classical point of view, it has well been studied and, in particular, Ohm found a linear
S law that links the current I of electrons to the potential difference U applied to the

conductor. The coefficient of proportionality is called the resistance R if we note U = RI. The
greater the resistance, the harder for an electron to travel across the conductor. We furthermore
define the conductance G of that device as the inverse of the resistance: G = 1/R.

AR} R - { s - {Ra -

1
L e e e e e e e e e e e e e e e e e e e — ==

Figure 2.1: Schematic representation of the series association of M conductors pictured as rectangular
bozes. Each conductor is defined by its resistance R;. The equivalent conductor (dashed lines) has a
resistance given by equation (2.1).

Moreover the resulting resistance R4 of the association in series of M conductors of respective
resistance R; as shown in figure 2.1 is given by the formula:

M
Reg = Ri, (2.1)
=1

deduced from Kirchhoff’s circuit laws [53]. In 1900, Drude proposed an explanation for the
appearance of a resistance in metals [54, 55|, which is based on the presence of impurities. In
Appendix A (section A.1) the Drude model is briefly described. For that purpose, we define the
electronic elastic mean free path l., which represents the average distance between two scattering
events. It is related to the time of flight 7. of an electron between two scattering events by the
relation!: [, = v7., where v is the velocity of the electron. I, is characteristic of the disorder
inside the conductor. The Drude model relates this time 7. to the conductivity? of the conductor.
The conductivity of a material is defined as the conductance per meter of this material. Electrons
are assumed classical and their behavior in the conductor is very much similar to the behavior
of a ball in a pinball machine.

But we know that electrons are quantum particles and not classical. The purpose of this
chapter and the next one is to study both qualitatively and quantitatively this supplementary
contribution, which is called the coherent electronic transport.

Coherent electronic transport

The supplementary contribution to electronic transport has a quantum origin, as it is now well-
known that electron’s behavior is described by quantum mechanics. For that purpose, we take

Lthe electron has a ballistic behavior between two successive collisions.
2we use the conductivity more than the conductance here because the conductivity is geometry independent.
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the wave nature of electrons into account, and we show that it will lead to a breakdown of
classical Kirchhoft’s law (2.1) at least at very short length scales. The combination of multiple
scattering on impurities and on the wave nature of electrons will lead to the appearance of the
phenomenon of interference. In this chapter, we will try to answer the following question:

Given a conductor, when shall we take the quantum nature of electrons into account?. Or,
equivalently: When is it sufficient to describe the conductor with purely classical electrons? and
therefore When is it sufficient to use the Drude model for electronic transport?

2.1.2 The speckle in optics

Caution: This section presents an analogy to coherent transport in optics, in a very qualitative
way: the physical origin of the phenomenon described below is completely different in optics and
in electronics.

Before trying to answer the previous question in details, we will, in this section present a
useful analogy to coherent transport to make things clearer. Consider the following experiment
in optics: enlighten a sample containing random scatterers with a Helium-Neon laser whose
beam was previously spread. The resulting intensity pattern looks as shown in figure 2.2. To

0 Matrice CCD

HeNe Q :
632,8 nm ; . _\ :

BF Echantillon
diffusant 13 mm

Figure 2.2: Representation of a speckle pattern in optics. The experimental setup is explained. Credits:
Institut Fresnel, UMR 6133, Marseille, FRANCE.

understand such a pattern, one has to consider interferences between the incoming photons [56],
as diffraction of photons on impurities is responsible for that pattern. Its main property is ob-
viously randomness, but it is characteristic of the disorder inside the sample. The speckle figure
is denominated as a "fingerprint" of the disorder configuration. It is a quantum phenomenon as
it deals with interferences of photons. The interference pattern is governed by the dephasing of
photons the ones with the others, which is proportional to the so called optical path difference.
If the thickness of the disordered sample grows, all optical path differences grow, and the inter-
ference pattern disappears. In the same way, in this manuscript, we consider the injection of
electrons in a random medium. The optical intensity is, in that case replaced by the conductance
G, which is then a fingerprint of the disorder in the sample (see chapter 3 for more details). If
the size of the sample increases, interferences are lost. It is then possible to define a length be-
yond which all quantum phenomena disappear. This length is called the coherence length L,
and discriminates between phase coherent and phase incoherent phenomena. In electronics, the
phenomena at the origin of loss of coherence is inelastic scattering, which leads to an irreversible
phase change. In optics the phase change is reversible, as only elastic scattering on photons
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occur; the increasing width of the sample leads to an increasing of optical path difference and
interferences are lost.

2.2 The coherence length

2.2.1 The significance of the coherence length
Coherent vs incoherent wires

Consider a metallic wire of length L. If it is longer than the coherence length Ly, the phases of
the different electrons are random with respect to each others and are time varying, therefore
no interference phenomenon takes place. Electrons are not coherent the ones with the others.
On the contrary, for wires of length smaller than Ly, despite their randomness, the phases of
electrons are precisely determined (no time variation). Then the electrons interfere: this is the
regime of coherent transport. We recover the classical structure of the previous section for large
samples by assuming that the conductance of a conductor of length L > L, is given by the
formula (2.1), if we divide the sample into a set of smaller samples (i.e of respective size L)
in series. The conductance of the smaller samples is determined using the quantum nature of
electrons. The regime for which L < Ly is called a mesoscopic regime, by opposition to the
macroscopic regime for which no coherent behavior has to be taken into account. It is not a
"microscopic" regime either as we consider a great number of electrons.

By now, we have a clear definition of the domain of application of the Drude model, we have
clearly extracted the coherent regime, with the help of a length, the coherence length Ls. The
question that arises now is: What are the mechanisms responsible for a non-vanishing coherence
length?, and in relation to this: What is the order of magnitude of this length? We try to answer
these questions in the next section.

The sources of decoherence

Generally speaking, the mechanisms that limit the coherence length are all the inelastic processes
that occur in a diffusive conductor, as the phase is not conserved in such processes. Following
[57], the effect of the environment on the interference is to multiply the interference term by
the average value of €', where ¢ is the accumulated phase. An optical analogy of this is the
experiment due to Aharonov and Bohm, who introduced a supplementary uniform magnetic field
in a Young’s holes experimental setup. The influence of the magnetic field is felt by the system
as a supplementary phase in the interference term (which is a function of the vector potential).
We define

@) = [ P@)eas (22)
where P is the statistical distribution of the phase. For a normal distribution, we get:

(e'?) = e"#)—(36%)/2, (2.3)

where (5¢?) is the phase uncertainty due to the coupling with the environment. (This expression
is exact if the environment is composed of harmonic oscillators, with a linear coupling to the
interfering waves). The loss of interferences is due to the random nature of that supplementary
term.

In metals, the main inelastic processes are:

(i) Electron-phonon interaction:
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Figure 2.3: Diagrammatic representation of the electron-phonon interaction. The straight line repre-
sents the electron and the curly line represents the phonon. A momentum q is transfered in this process.

it gives, via the Debye model [58] to a temperature dependence for the corresponding
inelastic scattering time 7., in a clean bulk material. It is proportional to T3 159, 60, 61]
if kT < hwp, where wp is the Debye frequency and represents the theoretical maximum

frequency of vibration for the oscillating atoms of the crystal. At high temperature, 7.—pp,
T=* (kgT > hwp) |59].

Electron-electron interaction:

Following [62, 63, 64], it is possible to find a temperature dependence for the inelastic
scattering time of electron-electron interaction (known as the AAK theory). In metals
electrons interact via the Coulombic interaction. Every electron, "dressed" by the cloud
formed by all the others, is called a quasi-particle. The Landau theory of fermi liquids [65]
states that these quasi-particles are essentially non interacting electrons with a modified
mass. The inelastic scattering time is given exactly by the lifetime of these quasi particles,
and the temperature dependence is given by: T._. oc T2/3 [66, 67, 63] for quasi-one
dimensional systems®. On figure 2.4 is represented diagrammatically the electron-electron
interaction. Straight lines represent electronic paths, and the curved line represent the
interaction between them.

hkj Rk}
1 g 2

hk‘l hk2

Figure 2.4: Diagrammatic representation of the electron-phonon interaction. The straight lines repre-
sent the electrons and the curly line represents the interaction between them. A momentum q is transfered
in this process.

(iii)

Free magnetic impurities: Scattering on magnetic impurities leads to a saturation of the
phase coherence length at low temperatures. At lower temperatures, the Kondo effect is
responsible for the increase of Ly, as impurities are screened by conduction electrons.

3for two dimensional systems, Te—e X T—1! and for three dimensional systems, Te—e X T-3/2,
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(from W.J. de Haas and G.J. van den Berg,
Physica vol. 3, page 440, 1936)
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Figure 2.5: Fwvolution of the resistance of a Au sample with temperature, showing an increase of the
resistance at very low temperature: this is the Kondo effect. Extracted from [68].

The Kondo effect.

The Kondo effect [68, 69, 70] is the increase of the resistivity when the temperature decreases
in metals doped by magnetic impurities at low concentration (see figure 2.5): the RKKY
interaction between the spins can be neglected, as they are far away from each other. At
very low temperatures, the conduction electrons screen the spin of the impurity by creating a
singlet state, which causes an increase of the resistivity (the conduction electrons are localized
near the impurity).

At higher temperatures, thermal fluctuations break this singlet state, and it is possible to
define a temperature, called the Kondo temperature T, which is given by:

Ty = epe™t/2leo, (2.4)

where ep is the Fermi energy, J is the coupling between the impurity and the electrons and
po is the density of states at the Fermi level. This temperature represents the temperature of
the minimum of resistivity with temperature, if the Kondo effect dominates: one defines the
Kondo temperature as the energy scale limiting the validity of the perturbative calculations.
See [71] for a review.

Conclusion

As expected, all these inelastic processes tend to vanish at low temperature and the coherence
length increases. At low temperatures, it is then possible to obtain experimentally coherence
lengths of order 1um, which allows to have samples of comparable size. In the next chapters,
we will theoretically only consider the experimental relevant case of perfectly coherent wires (i.e
the regime of small length L < L, and low temperature, to increase the coherence length). The
electron-electron interaction dominates the electron-phonon interaction at low temperature: the
cross-over occurs typically at 1K.

The transport for wires larger than the coherence length is classical. As said before, we sum
incoherently the quantum conductances of portions of wires of length Lg. The resistance of such
a wire is the sum of the resistances (following equation (2.1) and Kirchhoff’s circuit laws) of
portions of length L.
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2.2.2 Experimental study of the coherence length
How is 74 or Ly measured experimentally?

As we will see in details in the next chapter, the quantum corrections to conductivity are those
arising from the interference between the diffusing electrons wave packets. These corrections for
a quasi 1D wire can be written in the form [72, 73]:

AR(T H) L(T, H), (2.5)
Ro

where T is the temperature, H the magnetic field applied and
~ 1
L(T,H) = 5
Ly(T)=2 + Ly

(2.6)

with Ly = (vV3/7)do/HW. ¢o = h/e is the magnetic flux quantum, W is the width of the two-
dimensional sample. Recording the resistance (or the conductance) with increasing magnetic
field of the sample for a given temperature and fitting it with the previous formula gives access
to Ly(T). The phase coherence time 7, is related to Ly via the relation: Ly = /D7y, where D
is the diffusion coefficient.

In the following we call this measure a magnetoresistance measurement, and the resulting
trace of resistance is called a magnetofingerprint.

Low temperature behavior

In [74] Echternach et al study the magnetoresistance of Au wires. From these measurements, the
authors are able to compute the inelastic time 74 as a function of temperature. The power law
behavior (T—2/3) agrees with the theory AAK [63, 64]: figure 2.6.

In [75], it is also possible to study the cross-over from electron-electron scattering to electron-
phonon scattering, at higher temperature. The results are presented in figure 2.7. Good agree-
ment with a power law of the type:

7, 1(T) = AT*/® + BT® (2.7)

is found for pure samples, which implies that down to 1K, the electron-phonon interaction is
the major inelastic scattering mechanism. At lower temperatures, the electron-electron mech-
anism dominates. The saturation at very low temperature (7" < 0.1K) is attributed to other
mechanisms, as we will see in the next section.

Very low temperature behavior

As seen above, the discrepancy between theory and experiments at very low temperatures is
due to a supplementary source of decoherence that leads to a saturation of 74(7T") at very low
temperature. One candidate is the presence of a small amount of magnetic impurities inside the
sample giving rise to the so-called Kondo effect (see above). In [76], the authors show very good
agreement between theory and experiments if it is assumed that the samples possess impurities
with a Kondo temperature smaller than 1mK and concentration smaller than 0.08 ppm (parts
per million).

Mohanty and Webb [77, 78] in the experimental side and Golubev and Zaikin [79] on the
theoretical side proposed another explanation for the very low temperature behavior of the
phase coherence time 7,. They suggest that the zero point fluctuations of the electromagnetic
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Figure 2.6: Phase coherence time 74 as a function of temperature in a Au wire. Straight line corresponds
to T¢ o< T™%5* (fit of experimental data). Extracted from [74].

field are responsible for the observed saturation of 74. In figure 3 and 4 of [78] the authors present
results from a series of pure gold wires 18nm thick and 30nm wide, under high magnetic fields
(up to 15T') to polarize all magnetic impurities. The saturation of the phase coherence time is
nevertheless present, which is explained in terms of zero point fluctuations [79]. For a review on
this still debating issue, see [80].

Very recently, new results [81] seem to show that this is the Kondo effect that is responsible
for the increase of the phase coherence time at very low temperatures.

2.2.3 Coherence length and spin glasses

In [82], an anomaly at low temperature in the phase coherence time 7, is attributed to the
appearance of a spin glass phase. This anomaly is a saturation of the phase coherence rate, as
shown in figure 2.9. The phase coherence rate is defined as: 4 = //(274). This result suggest
that a constant spin scattering rate, associated with the appearance of a spin glass, is the cause
of the observed saturation in the total scattering rate. Moreover, in [83], magnetoresistance
measurements in a spin glass allowed the authors to deduce the phase coherence length of a
0.35um segment at 22mK. They found Ly = 0.3um to 1pum, for magnetic fields applied from 10
kG to 60kG, by two different methods.

2.2.4 Conclusion

To answer the question raised in section 2.1, the experimental coherent regime is found at low
temperature, where the influence on electrons of all inelastic processes is reduced. it is also the
regime of short wires, in the sense that the length of coherent wires must be smaller than the
coherence length L,. If the length of the wire is larger than Ly, the coherent phenomena that
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Figure 2.7: Behavior of the phase coherence time 14 for different metallic wires (silver for dots, gold for
stars and copper for squares)via magnetoresistance measurements. In the purest samples (solid circles
and stars) we observe a dependence T;l(T) = AT?/3 4 BT?® (plain lines). Dashed line represents the
contribution with power 2/3 for silver. We attribute down to 0.1K the decoherence to electron-phonon
and electron-electron interactions. For samples with more impurities deviations with the power law
is observed. Saturation at very low temperature has been attributed to other dephasing mechanisms.
Extracted from [75].

occur are averaged over the coherence length as shown on the illustration of figure 2.10. The
resulting resistance of the wire is: Ryire = Ry + Ro + ...

We have seen in this chapter that inelastic processes are of high importance when dealing
with coherent transport. The evolution of the phase coherence time or length is well described
at low and very low temperatures by usual theories (AAK, ...): the appearance of decoherence is
mainly due to interactions (with phonons or the other electrons). In the next chapters, we assume
that the experimental conditions are set in order that the phase coherence length is greater than
the dimensions of the sample under consideration, so that we mimic the experimental relevant
case of perfectly coherent wires. In this chapter, we have also shown that the presence of free
magnetic impurities modifies the coherence length [82] through the Kondo effect. On the other
hand, the presence of frozen magnetic impurities also contributes to the elastic diffusion: this
has clear signatures on transport properties at low temperatures (I' < T}), as we will see in the
next chapters.
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Figure 2.8: Phase coherence time as a function of temperature for a sample of a 120 nm width, 50 nm
thick and 450 nm long Au wire doped with magnetic impurities at various concentration (open circles).
Eztracted from [76].
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Figure 2.9: Magnetic scattering rate for different samples obtained by subtraction of the standard
dephasing rate (term proportional to T?/® + aT®). Extracted from [82].
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Lx>>L¢

Figure 2.10: Resistance of a wire of length L, larger than the coherence length Ly. Each resistance Ré
is calculated in the coherent regime. The total resistance is calculated using equation (2.1).
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3.1 Diffusion on scalar impurities

3.1.1 Disorder and coherent transport

The importance of disorder

TATIC impurities present in a metal are of high importance to explain classical or quan-
tum conduction of electrons phenomena: electrons must pave their way inside the
, ;-\'& metal, with diffusions on impurities. This leads to the appearance of a resistance in
the material, which would not be the case if the conductor was perfect. The goal of this section is
to get an analytical expression for the averaged conductance over the scalar disorder by consider-
ing only scalar impurities, that is to say on impurities without any spin. Different contributions
from the more obvious to the more complicated one will be described. The formalism used to
study phase coherence in metals is semi-classical in the sense that electrons are considered as
localized wave packets and they diffuse elastically, recalling that all inelastic collisions are taken
into account in the phase coherence length L4 described in section 2.2. Applying this formalism
is valid provided that the disorder is "weak": the Fermi wavelength Ar of the electron must be
much smaller than the mean free path [, to consider the electron as a localized particle. More-
over interactions between electrons will be considered as weak, i.e much weaker than the kinetic
energy of electrons, which is true in "good" conductors. Using this formalism, we are able to
determine with high accuracy the behavior of an electron in a disordered conductor.

The models of disorder

An electron in a given crystalline structure, which is modeled by a perfect periodic potential,
with disorder is described by the following Hamiltonian:

I

m* is the effective mass of the electron in the periodic potential [84] and Vic. represents the
scalar disorder potential. It is random and encodes the position of the scalar impurities. Static
disorder corresponds to a situation where electrons diffuse elastically. There are different models

to describe the random positions of impurities:

H:

e A first model of interest is the gaussian model. In this model of disorder, the potential Vica
is supposed to be a continuous function of space. The probability for the potential to have
a value V(7) at position 7 is given by:

PV (7¥))DV (¥) = %exp {% /dFdﬂV(F)A(Ff Fl)V(Fl)} DV (7) (3.2)

This general model is used in analytical studies as we will see in part III.

e Another model for the scalar disorder is the Anderson model, which is particularly useful
and efficient for numerical studies. It is a tight binding lattice model, so the precedent
Hamiltonian (3.1) is replaced by:

Ht.b. = Z tijcjcj + Z ’UiCjCi, (33)
%7 A

where the first term represents the hopping from site j to ¢ and the second term is an on-
site random potential, v;. It has a flat distribution in the interval [-W/2; W/2], where W
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measures the strength of the disorder potential. These random energies are supposed to be
decorrelated from one site to the other.

In our numerical study of transport in a mesoscopic spin glass wire, we will consider the latter
Anderson model. In the following one given set of of these random energies for each site 7 will be
called a realization of disorder and denoted by V' = {v;};: one sample corresponds to one given
position of all impurities, this is a realization of disorder. In practice, to modify this potential,
one has to change the sample, with a fixed density of impurities: same number of impurities but
at a different position, by e.g annealing it.

Probability of diffusion

In the following, we will neglect the influence of spin-orbit coupling on the electrons. It is described
in [85] and see [86] for a review.

Let us start by considering the probability for an electron to evolve from a position 7 to a
position 7 during a time t: P(7, 7, t) or its temporal Fourier transform P (7, 7,w). The larger
this probability, the easier the electron moves inside the sample, the greater the conductance!. We
will first describe incoherent transport (or classical transport), for which electrons are considered
classical (without a phase). To go beyond this hypothesis we will take the phase of electrons
into account and describe the effect of interferences between electrons, in the coherent regime (to
mimic the experimental relevant case of coherent wires) studied in the previous chapter. In the
following, we will focus on the weak disorder limit: kgl. > 1, which is the relevant experimental
limit for good metals as Cu or Ag?. This limit corresponds to a semi-classical theory for electrons:
the trajectory of the center of mass of the wave packet of each electron is restrained inside a
"tube" of diameter /\‘;7_1, where d is the dimension, and of length the length of the electronic
diffusion path L.

It is highly important to notice that the probabilities of diffusion P(7),7,t) and P(7, 7, w)
are quantities that are averaged over disorder®.

3.1.2 Incoherent transport: Drude-Boltzmann approximation

In the classical case, the use of the Drude model allows one to compute the classical part of the
conductivity (see Appendix A (section A.1) for the details):

ne37.

o = —=, (3.4)

Me

where m, is the mass of the electron, and 7. is the elastic time of flight*. The corresponding

probability is:

S(R— vt)e™t/me
47 R2 ’

where R = |7} — 72|. In that case, Py represents the probability to evolve from 7 to 7 without
having encountered an impurity.

Other mechanisms are to be taken into account to describe properly the scattering of electrons
on impurities in a metal. The simplest assumption to make concerning these mechanisms is that
multiple diffusion happens as the electron goes from 7 to 7%, as shown on figure 3.1.

Ithe conductance transports momentum that is orthogonal to the entrance and exit interfaces of the sample.
2In these metals, kple ~ 1000 > 1.

3i.e over different configurations of the positions of impuritites

4we recall here that [, = vpTe, where le is the elastic mean free path and v the Fermi velocity.
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Figure 3.1: Possible routes taken by an electron to diffuse from 71 to 72, with different collision sequences
C and C'.

3.1.3 Mutliple diffusion: the Diffuson and the Cooperon
Introduction

The probability for an electron to go from 7 to 75 during time ¢ can be expressed under the
following form using Green’s functions (see [87] and Appendix A.). For a complete review of
quantum transport see [86]. One shows that the probability takes the following form:

P, 1) = Y AcAb.. (3.6)

c.cr

In this equation, C and C’ are two different diffusive paths (i.e scattering sequences), and Ac
and Ac are diffusion electronic amplitudes® along the respective paths. The star symbol in this
equation is the complex conjugation operation. This equality can be understood in the following
way: it is the product of two electronic propagator amplitudes, one for the particle and the
second one (the conjugate amplitude) for the hole as electronic transport carries in reality a
particle-hole pair excitation, as schematically shown in figure 3.2.

‘Which type of paths for C and C'?

The constraint on these paths is that they must start at /; and end at 7. 71 and 7> are
not necessarily the coordinates of an impurity. Cy is a path of N impurities in the sequence
(71, Tas oy .., T, 72) and C’ is a path of N impurities in the sequence (71, 7o, 73, ..., *N7, T2). For
each path, the accumulated phase is proportional to its own algebraic length Ly or Ly:. The
phase d¢p¢ ¢/ of the product in the sum of equation (3.6) is given by:

dpc.cr = krp(Ln — L) (3.7)

more precisely the Green’s functions are written in terms of Ae®.

5
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Figure 3.2: Schematic view of the creation and propagation of a particle-hole excitation of the Fermi
sea. On the left, the pair particle-hole is created and then the occupied state (particle) and the unoccupied
state (hole) propagate independently. The propagation of a hole is similar to the propagation of a particle
with reversed time evolution. Electrons are represented by black circles and holes by white circles.

Er

If paths are different® as shown in figure 3.1, the difference £ — Ln+ will be at least of order
l.. Due to disorder averaging or sum over the different paths (as it is the case in optics), the
corresponding term will vanish, as krl. > 1 (weak disorder limit). Therefore, the only terms
that remain in equation (3.6) are the terms for which both paths C and C’ have the same
number of diffusors and the same sequence, which means that scatterers are encountered in the
same order. The remaining degree of freedom is the direction of propagation of these paths:
(F1y Ty Tby ooy TNy T2) OF (F1, TNy ooy Ty Tay 72).  In that case, Ly = Ly or Ly = —Lys. The
equation for the probability (3.6) can then be separated into two parts:

P(r1,7,t) = Py + P, (3.8)
where
Pi = > |AN], (3.9)
Cn
Poo= > Ay x(Ay)" (3.10)
Cn,C'N

In this equation Cy is a path with N diffusion centers (71, 7y, 7, ..., *n, 72 ) and C’n the reversed
(Foy TNy oy Ty Ty 1)

For a quantitative analysis of this probability in terms of Green’s functions, as well as the
link between this probability P and the conductivity of the metal, refer to Appendix A. the goal
of this section is to introduce two useful tools concerning electronic transport: the Diffuson and
the Cooperon.

The Diffuson

The term of equation (3.9) is called a Diffuson. This term is characterized by identical paths
C and C’, the phase of the product Ac¢.Aj, vanishes: the Diffuson is an incoherent contribution
to transport. Using this term and the Drude-Boltzmann one for the probability for electron to
go from 7 to 7 in time t gives a well normalized probability (see [86] for the details of the
calculation of this probability and its normalization). A schematic view of the Diffuson is given
in figure 3.3; the Diffuson term is interpreted as the combination of an electron propagating in
one direction (plain line) and of a hole propagating in the same direction (dashed line). It is the
usual particle-hole propagation in a solid as seen in figures 3.3 and 3.2. This term has a non
vanishing contribution to the probability for all 71 and 7%.

In Appendix A, section A.2.3, we show quantitatively that the Diffuson term, in the isotropic
case, gives no contribution to the conductivity. It is nonetheless of high importance as it has
a non vanishing contribution to the probability P defined above. This term, in addition to the

6N £ N’ or a different sequence
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Figure 3.3: The Diffuson. Loops are similar. Its phase vanishes for all values of 71 and 2. There is a
direct correspondence between this curve and the diagram of figure A.1.

classical one (i.e Py of equation (3.5)), must be taken into account to have a normalized total
probability.

The Cooperon

Consider now that the electronic diffusion path makes a loop as shown in figure 3.4. In the
parts outside the loop, the only term that contributes to the probability P is the Diffuson as
schematically drawn in figure 3.1. We now focus on the loop of the electronic path. As a
particular case of multiple scattering, a Diffuson term is associated with any loop. But an other
term appears: the Cooperon, which is schematically drawn in figure 3.5. The fact that the path
is closed allows to reverse one diffusion path with respect to the other: the reversal does not

Figure 3.4: Schematic plot of multiple scattering of an electron on impurities. Along the path, a loop
occurs.
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introduce any further dephasing, which is the case if one reverse for instance the dashed curve
between 71 and 7% in figure 3.3. This supplementary term gives exactly the same contribution as
the Diffuson, the probability to go from 7 to 7 is doubled (a Diffuson plus a Cooperon term)
by comparison to the case with no loop. Under these conditions, the probability reads:

P.=Y|An|%, (3.11)
Cn

which is exactly identical to the Diffuson term (see equation (3.9)). The probability is then
doubled compared to the case without quantum corrections. This is the so-called coherent
backscattering, which leads to the weak localization phenomena that will be described in the
next section.

Figure 3.5: The Cooperon: a quantum crossing between paths occurs at point ¥o. Contribution to the
quantum correction to the probability of return to 7o. There is a direct correspondence between this curve
and the diagram of figure A.8. To produce a loop with no supplementary phase, 4 impurities (a, b, ¢ and
d) are needed.

We stress that every external parameter (see section A.3) like a magnetic field, that breaks
time reversal symmetry will kill the Cooperon term [88,; 89] and the associated quantum correc-
tions to the conductance vanish.

The resulting probability of diffusion is qualitatively drawn in figure 3.6. On this plot the sum
of the Diffuson and the Cooperon terms are represented schematically to show the enhancement
of the probability of return to the origin (in r = 0).

The Cooperon term can be described as an electron propagating in one direction (plain line
of figure 3.5) and a hole propagating in the opposite direction or equivalently another electron
propagating in the same direction (dashed line). The name "Cooperon" has been given in
reference to the so-called Cooper pairs appearing in the Bardeen-Cooper-Shrieffer (BCS) theory
of superconductivity.

Contrary to what happens for the Diffuson term, the Cooperon gives a non vanishing con-
tribution to the conductivity and hence to the conductance (section A.4). In the following, we
study the influence of this term on transport properties.

The conductance

The resulting conductance G for one given realization of disorder is unique. The conductance
is a fingerprint of the disorder configuration as the phase in the Cooperon encodes loops that
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Figure 3.6: Schematic plot of the full probability of diffusion P(0,7,t) of an electron as a function of
the distance 7 from the origin during time t. Doubling of the probability of due to the quantum corrections
(the Cooperon).

are created by the position of each impurity the electron encounters. Changing the scalar con-
figuration of disorder will cause the conductance to fluctuate. In other words, the conductance
is not a self-averaging quantity, with respect to scalar disorder’. Therefore the conductance for
one particular realization of the scalar disorder potential is not a physical quantity: it is not re-
producible from one sample to another. The statistical distribution of conductance is of greater
interest. All the theoretical and experimental efforts on coherent transport consist in sampling
correctly this statistical distribution.

3.2 Weak localization and conductance fluctuations

Weak localization has two main signatures on mesoscopic transport: conductance magneto-
fingerprints and Universal Conductance Fluctuations (UCF). In the following, we will consider
for the theoretical parts a quasi one dimensional system, i.e a thick wire of length L,, width L,
and thickness L, connected electrically with two metallic leads. The transverse dimensions L,
and L, are smaller than the elastic mean free path so that diffusion occurs dominantly in the
longitudinal direction (the z-direction).

3.2.1 Conductance magneto-fingerprints

See Appendix A (section A.3) for the calculations of weak localization corrections under an
external parameter as the magnetic field [72]. The effect of the magnetic field is to dephase the
electronic paths. The Diffuson term, as a classical contribution, is not affected by a magnetic
field. On the contrary, the Cooperon term is affected by a magnetic field: the phase of this
contribution is modified by the magnetic field, so is the interference pattern and then the resulting
conductance.

"Define Oy a statistical observable. N is the number of degrees of freedom of the corresponding system. Oy
is self averaging if and only if it takes the value O at the thermodynamic limit (N — oo) with probability 1 (it
does not fluctuate any more).
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The ergodic hypothesis

In the previous theoretical analysis of coherent transport, all quantities of interest such as the
conductance or the probability of return of an electron to point 7 in time ¢ are averaged over the
scalar disorder. In practice, one given sample represents one realization of the position of impu-
rities. Therefore to modify the scalar disorder configuration experimentally, one has to change
the sample or anneal it, to get a new positions of impurities with the same concentration. For
instance, in [90], the authors used a GaAs sample doped by Si and measured the magneto conduc-
tance after 46 annealing processes. In figure 3.7 are presented all these 46 random fingerprints.
We see clearly that, for magnetic fields greater than 4.10~2T, all these curves fluctuate around

G (e2/h)

15.9 = 1 U + } t } t t t
200. 600. 1000 1400 1800

B {10*Teslas)

Figure 3.7: 46 reproducible magneto conductance curves at T = 45mK in the same GaAs wire doped
with Si. Extracted from [90].

an horizontal line and the averaged value over disorder (also shown in figure 3.8) is the same as
the average over the magnetic field applied (for fields greater than 4.1072T). These results show
that the conductance is a fluctuating quantity with respect to the magnetic field or the scalar
disorder. From these results, we present the ergodic hypothesis, which states that the statistical
ensemble of the conductance is similar if one changes the sample or the magnetic field® [91], see
figure 3.9. Changing the magnetic field causes indeed a modification of phases of the amplitudes
(3.6) Ac along the paths. This is similar to changing directly the length of the paths (i.e the
realization of disorder). This hypothesis gives a correspondence between theoretical works that
calculate averages over scalar disorder and experiments that perform averages over the magnetic
field: it is experimentally much easier to measure the conductance for several values of magnetic
field than for several samples. In the next chapters, we will present original results on transport
with averages performed over scalar disorder. We use this hypothesis to link our theoretical
results to experiments.

8This is true provided that the modification of the magnetic field is greater than the decorrelation field B.
defined as Be = ¢o/X, where ¢9 = h/e is the flux quantum and ¥ = L, X L, is the surface of the sample.
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Figure 3.8: A: mean conductance obtained from figure 3.7 and the weak localization fit [72]. B: the

variance over the 46 disorder configurations (at fixred magnetic field) as a function of the magnetic field.
Eztracted from [90].
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Figure 3.9: Illustration of the ergodic hypothesis that states that the statistical ensembles of the con-

ductance with respect to disorder or magnetic field (or the Fermi energy) are similar. Numerical data
extracted from [89].

The negative magnetoresistance

A first result is given in figure 3.8A, where averages are directly performed over disorder. It
shows clearly that the magnetoconductance increases with the magnetic field, for small magnetic
fields. The plain line represents the theory [72], and see also Appendix A, section A.3 for the
details. Another example is given in experiments [73| using Lithium films of variable width and
applying a magnetic field perpendicular to the plane of the sample which give the results shown
in figure 3.10. In this curve, points are experimental data and plain lines are analytical fits as
previously. In these experiments, the authors use only one sample with non annealing. The plot
shows all the same an average resistance as they use long wires: they are longer than the phase
coherence length Ly of the system, so that it is possible to divide the sample in a number k of
coherent wires of length Ly. According to section 2.1, these & coherent contributions are summed
as resistances in series. This is equivalent to average over different samples.

In both cases, the averaged magnetoresistance decreases with an increasing magnetic field
perpendicular to the plane defined by the two-dimensional sample. An increasing magnetic field
breaks progressively the quantum corrections. As seen on figure 3.3, both trajectories are in
the plane of the sample and propagate in the same direction for the Diffuson. A magnetic field
perpendicular to that plane will then have no influence in terms of dephasing one trajectory with
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Figure 3.10: Ezperimental averaged magnetoresistance of Li films, H is the magnetic field applied.
The different curves correspond to different widths of the system and show a negative magnetoresistance.
Eztracted from [75].

respect to the other. This is not the case for the Cooperon since trajectories are propagating
in opposite directions. The magnetic field’s influence on the system is to add a phase difference
between both trajectories. The intensity of the field is weak enough to prevent the system from
being in the Quantum Hall regime (no edge states). Consequently the Cooperon contribution
vanishes progressively for increasing magnetic fields.

3.2.2 UCF
Theory

As already said in the previous section, the conductance is a fingerprint of the disorder con-
figuration encountered, and from one configuration to another the conductance will fluctuate.
This section studies the amplitude of the fluctuations of conductance in the so-called mesoscopic
regime where the length L, of the sample is smaller than the phase coherence length Ly, but
much greater than the mean free path [, (diffusive regime). This regime is of great interest as
it is the only one that is easily accessible experimentally. For a quasi one dimensional system,
diffusion of electrons takes place only in the longitudinal direction (x direction), whereas the
finite transverse direction acts as a confinement potential for the electrons. In the following we
denote by ¢ the diffusion modes of the electrons. The principle of the calculation uses, as in
section A.3 (Appendix A), the Green’s functions of the system. Al'tshuler [91] and Lee et al.
[93, 89] showed that the sum of diagrams like those of figure 3.11 must be calculated. In this
figure, only the diagram contributing to the fluctuations of the diffusion coefficient is shown.
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Figure 3.11: Feynman diagrams entering in the calculation of the fluctuations of conductance. Dashed
lines are interaction with impurities. Contribution to the Diffusion coefficient only. See [92] for the
diagram contributing to the density of states.

Another diagram contributes to the density of states. See [92], and [86] for a review.
The fluctuations of conductance are calculated by substituting the realization of disorder V;
in one electron loop and a realization V5 in the other, and one then finds for the disorder averaged

fluctuations of conductance?:

9 9 9 s2 [e2\? 1\?
@.=(6-16r x5 (%) S (5a) - 3.12)
q

where s is the spin degeneracy of the electron, /3 is a symmetry factor (see section 3.2.5 below),
e the charge of the electron and h the Planck constant. This expression is found with the use of
the Fourier transform of the Diffuson and Cooperon terms in space and time. With no additional
dephasing terms than the scalar impurities, this Fourier transform takes the following form, as
explained in section A.2.4:

P(q,w) (3.13)

= —Dq2 5
since this term is solution of a diffusion equation. For a box of size L, x Ly x L., with L, =
Ly = L, = L, the components of the wave vector ¢ are quantized, and we find in general that:

(G?) <2 (L) > S (3.14)
“T B\ h n§+n§+n§' '

N #Oanyvnz

In this equation, we assume that ¢, = nom/L. The mode n, = 0 is forbidden if we assume
that the electrodes are situated in the z direction (in x = 0 and © = L). In the case of a
quasi-one dimensional system with L, > L,, L, and with L, = 1 in units of lattice spacing (see
introduction of section 3.2), we find:

_ 2

<G2>C - 156

G2, (3.15)
where Gy = se?/h is the quantum of conductance. These fluctuations are constant and do not
depend on disorder.They are called universal (UCF stands for Universal Conductance Fluctua-
tions) as they only depend on the symmetries characterized by s and §.

Definition: we define the dimensionless conductance g as g = G/Gj.

9we recall that the Diffuson and Cooperon terms are solution of a diffusion equation (see section A.2.4) in the

reciprocal space, in the diffusive regime (Lz > le, where Ly is the length of the wire).
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Experiment

Thanks to the previous equation (3.15), one predicts that the fluctuations of conductance of a
metallic diffusive sample are of order 1, in units of GZ. In figure 3.12 is plotted the conductance
as a function of the magnetic field of two different devices. This plot is extracted from [89]. The
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Figure 3.12: FEvolution of the conductance with increasing magnetic field. The left curve (a) corre-
sponds to a 0.8u m-diam gold ring, and the right one (b) corresponds to a quasi-1D silicon MOSFET.
These experimental data are extracted from [89)].

conductance fluctuates and the order of magnitude of the fluctuations in both cases is (e?/h)2.
Another example of UCF is given in figure 3.8B. In this plot, it is also shown that the magnetic
field changes the value of the fluctuations: the value of UCF is twice in the presence of magnetic
field compared to the value without a magnetic field, as expected in [89, 91]. The effect of a
external parameter (as magnetic impurities or magnetic field) is described in Appendix A, section
A.3.

3.3 Coherent transport in a spin glass

3.3.1 Effect on electrons

A pioneering theoretical study of coherent transport in disordered wires was performed in 1985
by Alt’shuler and Spivak [88]. They studied the effect of external perturbations on conductance
fluctuations including spin glass effects. Following them, we model the spin glass as a set of
frozen magnetic impurities with no simple long range order due to frustration. This description
in terms of frozen spins is valid at low temperature (I' < Tj) as the dynamics of the spins in
a spin glass is slowed down (see chapter 1). Moreover, the action of the eventual remaining
free spins on the conduction electrons is inelastic scattering which is taken into account in the
phase coherence length Ly. The interaction between the spin of impurities and the conduction
electrons is of the RKKY (see chapter 1) type, which is an exchange interaction. The spin of
the conduction electrons will be scattered by the orientation of the spin of the impurities as the
momentum of these electrons is scattered by the position of the impurities (which happens for
both magnetic and non magnetic impurities). Similarly to all diffusion processes, we define a
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diffusion length of the spin that we denote L,, (see the next section for more details on this
length), the magnetic length, and a corresponding diffusion time 7,,,. This quantity is related to
the intensity of magnetic disorder J by the relation:

1

m — 5 1
i 2mponi J?(S?) g (8.16)

where po is the density of states at the Fermi level, n; the density of impurities and (S?) g is
the average over the orientations of the spin of the impurities S. L., and 7, are linked by:
L., = V/D7,,, where D is the diffusion coefficient. In the following, we study the influence of
the presence of frozen magnetic impurities on transport properties; in particular, we derive the
Cooperon contribution to the probability of return, and we show that the length L,, plays a
crucial role.

3.3.2 The magnetic length and universality classes
The magnetic length

L., has been defined above as the typical length of spin diffusion: this is the magnetic elastic
mean free path. It can be interpreted as the length beyond which the electron has lost the
memory of its spin. Indeed, suppose that the electronic path has a length L. If L, < L,,, the
spin of the electron does not diffuse efficiently, it remains almost as it was at the entrance of
the diffusive sample. On the contrary, if L, > L,,, the spin of the electron diffuses, and then
there is no correlation between the spin at the entrance of the sample and the spin at the end of
the path. L,, discriminates then systems in which electrons feel the diffusion due to magnetic
impurities (case L, > L,,) from systems where the influence of the spin of the impurities is
negligible (if L, < L,,). In this last case, the spin glass is similar to a metal, i.e with non
magnetic impurities. To study the transport in a spin glass, the relevant case is then when the
length of the system is larger than L,,.

Link with universality classes

Consider a diffusive system of length L, and width L, connected to two leads as shown on
figure 3.13. This system can be equivalently described in terms of a scattering matrix S or a
transfer matrix M [94, 95, 96]. As we will see in more details in the next chapter, the scattering
matrix links outgoing waves functions to incoming wave functions, whereas the transfer matrix
relates states in the left lead to states in the right lead. The advantage of the transfer matrix is
that it can be obtained simply by successive multiplication of statistically independent transfer
matrices of thin slices of the sample [97, 98], as it links left amplitudes and right amplitudes.
The Random Matrix Theory (RMT) is applied to the transfer matrix as a product of random
matrices. This theory, developed by Wigner and Dyson consists in the study of an ensemble of
Hermitian matrices H, with a statistical distribution given by [99, 100]:

P(H) « exp [-BTr(H?)] . (3.17)

The coefficient 3 depends on the symmetries of the problem. Here the random matrices are the
transfer matrices of the thin slices of the sample, and are distributed following equation (3.17).

In the case of a metallic system with no magnetic field applied, time reversal symmetry as
well as Kramers degeneracy (spin rotation symmetry) are preserved. In the classification of
universality classes of RMT this class is called the Gaussian Orthogonal Ensemble (GOE) and
is characterized by a value of the spin degeneracy s equal to 2 (see equation (3.15)) and the g
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Figure 3.13: Diffusive sample connected to two leads. S is the scattering matriz of the system and M
its transfer matriz. The a’s are electronic wave functions.

parameter equal to 1. This case corresponds to the situation J =0 or L, < L,,, where J is the
intensity of the magnetic disorder (see equation (3.16)). For a strong magnetic disorder (J large
or L, > L,,), time reversal symmetry is broken as the spin of impurities play the same role as
a local magnetic field felt by the electrons, and the spin rotation degeneracy is also removed. In
RMT it corresponds to the Gaussian Unitary Ensemble (GUE) where s = 1 and 8 = 2. In other
words, the spin rotation matrix R; that is written in equation (3.19) is a product of rotation
matrices that do not commute, hence the breaking of time reversal symmetry. For a review on
RMT and quantum transport see [101].

3.3.3 The Cooperon and magnetic impurities

Having spins on impurities will change the phase in the Cooperon term as follows [102, 89]:

1
P'=P.x 5 (36—%/3% - e—zt/fm> . (3.18)
P!™ represents the Cooperon term with magnetic impurities and P, is the Cooperon term without
magnetic impurities, as already studied in section 3.1, an in Appendix A.2.

Following [60] and [86], we consider R; the spin rotation operator. From ¢ = 0 to ¢ > 0, each
electron has encountered a certain number of impurities, so its spin state is:

|st) = Reso). (3.19)

R; is a product of rotation matrices corresponding to rotations that the spin of the electron
undergoes during the diffusion process.

To describe the effect of coupling to magnetic impurities on the Cooperon, we consider two
sequences of collisions conjugated by time reversing, as explained in the precedent section. The
time evolution in one direction is given by the factor (ss|R;|so) and the evolution in the other
direction is given by (sy|R_|so)*. Both trajectories have the same configuration of spins. The
spin part of the Cooperon term (without disorder averaging) is then given by the product of
these two contributions for all final spin states |sy):

Qu(t) = Y {ss|Rils0)"(ss|Relso) = D {sol RL[ss){ss|Rulso). (3.20)

Sf::i: Sf::t

Mixing these two trajectories is similar to the mixing of two spin-1/2 states, therefore any
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tensorial product state can be written in terms of a singlet |S) and triplet |T,,) states. . As
1S)(S]+ D ITa)(Ta] = 1, (3.21)

we show following [89] that the averaged rotation operator can be written as

(Ry) = exp (—1/2(t/37n)(0*)?), and we find

_ 1 —2t/3Tm —2t/Tm
{@m(t)) = 5(3e —€ ) (3.22)
Triplet Singlet

From this result, we deduce the modified Cooperon term which is given by:
P t) = Pe(7, 1) x (Qm(t))- (3.23)

Similarly to what has been done in the non magnetic case, one is able to have access to the
fluctuations of dimensionless conductance [103] as a function of the length of the wire:

(9%) = in(O) + %Fz <\/§LL—;> + in <\/§LL—;> + gFQ (@f—;) (3.24)

Diffuson term Cooperon term

where the Fy function has the form [104]:

6+ 62? — 6 cosh(2z) + 3z sinh(x)

x4 sinh? ()

Fy(x) (3.25)
The limits of that function are: if x > 1, Fa(z) — 0, and F5(0) = 4/15. See figure 3.14 for
the plot of the function F». We notice that for conductance fluctuations, both the Diffuson and
the Cooperon terms have a non vanishing contribution. To calculate in details the Feynman
diagrams corresponding to the conductance fluctuations and that lead to this expression, see
[91, 89, 103].

The corrections due to weak localization to the average conductance are also derived (see

Appendix A):
1 L, 3 2 Ly
5gWL = <g> - <gclass> = §F1 <\/§L_> + §F1 <\/;L_>7 (326)

Cooperon term

where F; has the form:
coth(x) n 1

Fi(z) = . 2 (3.27)

We remark that this contribution is negative, proving that the suppression of the quantum
corrections leads to an increase of the average conductance, see figure 3.14. Moreover the Diffuson
term does not contribute to the correction of weak localization to the average conductance but
contribute to the fluctuations of conductance. We will come back to this point in chapter 6. In
figure 3.14 are represented both functions F} and F5.

In the next section we present experimental studies of transport in spin glasses, and in par-
ticular we describe a work performed in the early nineties showing that conductance fluctuations
measurements allow the possibility to access the spin configurations of the magnetic impurities,
which is at the origin of the numerical work of this thesis (see chapters 5 and 6).
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Figure 3.14: Plot of the functions F1 and F> that correspond to the evolution with the longitudinal
length of respectively the average conductance and the variance. We notice that F is always negative,
which is related to the negative magnetoresistance effect (see text).

3.3.4 Experimental transport in a mesoscopic spin glass wire
Pioneering experiment

As seen in chapter 1, despite a lot of experimental efforts, a good understanding of the spin glass
phase was still lacking in the late eighties. In this section we present the pioneering experiment
that studied coherent transport in a spin glass nanowire. This experimental study has been
performed by de Vegvar et al. and their results are summarized in [83]. In this article they study
the coherent electronic transport in a Cu matrix doped with Mn impurities at a concentration
equal to 1000 ppm (0.1% of impurities). One of their key results is presented in figure 3.15, and
measurements are performed in that case on a 0.65u m long segment of spin glass. The spin glass
temperature has been evaluated to be approximately equal to 1.6/, and the phase coherence
length has been evaluated to be of order of 1um.

One first obvious result lies in the amplitude of the conductance fluctuations: as soon as
the system enters the spin glass phase (' < T, ~ 1.6K), the amplitude of the fluctuations
grows (appearance of the UCF), indicating the entrance in the coherent regime. Next, curves
corresponding to two low temperatures (0.9K and 23mK) are correlated showing the rigidity of
the underlying spin configuration of the spin glass. Next, the authors measured a magnetofin-
gerprint at low temperature (Tezp < Tj), then they heated up the system above the spin glass
temperature, and they cooled it down again to the same temperature T¢.,, and they measured
a second magnetofingerprint. From the correlation between both traces, they managed to prove
reorientations of spins occured.

The conclusion of this study is that coherent transport is indeed experimentally observable in
a spin glass. From the small correlation between different magneto-fingerprints across the anneal
of figure 3.15, the authors managed to show the occurrence of spin reorganizations inside the
spin glass phase, which demonstrates the possibility to get information on the spin configuration
via conductance measurements. This experimental result is the starting point of our
own study of coherent transport in a spin glass, as no theoretical support were available
at that time to interpret the experimental results more quantitatively.

Other transport studies in spin glasses: noise measurements

Israeloff et al [105] considered the noise spectrum of electrical resistance in a mesoscopic spin glass.
In a spin glass phase, the noise spectrum is expected to follow a 1/ f behavior [106], where f is the
frequency. In figure 3.16 is plotted the dimensionless noise parameter a(f,T) = fSr(f)Na/R2,
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Figure 3.15: Plot of the magnetic contribution of the conductance, antisymmetric in the magnetic
field, as a function of the magnetic field applied in Cu:Mn spin glass (Ty ~ 1.6K). The sample was
cooled from 4K to 12mK in 7TkG and subsequently warmed to the indicated temperatures. The curve are
offset vertically for clarity. The two traces at 0.9K indicate the experimental reproducibility and have
correlation C = 0.9. Extracted from [83].

where Sr(f) is the spectral density of the fluctuations in resistance R (i.e the Fourier transform
of the time fluctuations in resistance R of the spin glass), and N4 is the number of atoms in the
sample, for a Cu;_,Mn, spin glass film of thickness 50 — 70nm, at temperatures above 5K. It
is plotted versus temperature T'. It shows approximately two plateaus for which a seems to be
constant, and a step. From the position of the step, they deduce the spin glass temperature which
is compared to the temperature transition extracted from susceptibility measurements (see the
inset of figure 3.16). The effect on noise of field cooling with H = 2.17 is shown in figure 3.17.
The noise onset temperature is weakly reduced, while the spectral exponent near T} is strongly
affected. The effects of magnetic fields, which change not only the temperature dependence and
the magnitude of the spectrum but also its shape, and the dependence of the noise on the field
history confirm that below Tj, they are measuring slow spin dynamics in the resistivity noise,
since fields should not be affecting the dynamics of anything else. Therefore, electrical noise is
measurable in spin glass phases and it is affected by the presence of frozen magnetic moments.
In 1998, another work on resistance noise is performed by Jaroszynski et al [107] in diluted
magnetic semiconductors (DMS) [108]. They used sub-micron wires of Cdy_,Mn,Te : I with
electron densities greater than that corresponding to the metal-insulator transition. In the range
of temperatures they used, it is highly probable they performed conductance measurements in
the coherent regime. They found that if the system enters the spin glass phase, the fluctuations
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Figure 3.16: The normalized electrical resistance noise (0.08 — 17H z) plotted versus temperature for
Cui—g Mny films with a range of x. The films were 50 — 7T0nm thick. Inset: the SG freezing temperature
Ty, determined from magnetic susceptibility measurements and by noise measurements [maz(da/0T)],
plotted vs /3. The line is a fit to the susceptibility points. Extracted from [105].
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Figure 3.17: (a) The noise onset (measured near 1Hz) with zero field and with 2.1T for a film with
x = 0.108. (b) The spectral exponent, —9log Sr/0logT, vs T for the same sample with and without
field. Extracted from [105].

of conductance agree, at least qualitatively with theory [89, 109]. Other signatures, particularly
strong and complex of the spin glass freezing are found in these DMS: see figure 3.18. In curve
(a) are depicted relevant examples of history dependent effects. It shows a series of magneto
fingerprints, measured successively as a function of the magnetic field (and time) after a heat
pulse and subsequent cooling from 7" > T, to T' ~ 0.027,. In this plot, the gradual decrease in
both the amplitude of the fluctuations and the differences between subsequent traces is a clear
effect of aging. The effect of aging, that is, a gradual decrease in both the fluctuation amplitude



54 CHAPTER 3. COHERENT TRANSPORT: A MORE QUANTITATIVE APPROACH

‘ _ y
b) H=36 kOe F02 ’I’T.’\. ******* e ©)
| D v 3 . noi:Se,H::O
- 2 v, e
2 g S0df N e
3 < g H~ 36:k0e\§7\&(=2k¢)e
5 5 0~0-0— $ g
g g g 0 — ‘
3 3 20 20
2 E % = NG
S o SIS H=0-p-g-{15%
3 [ —_— 3
S 107 ‘\‘.;.\. 108
g 5,,,,f?T,,,H,=D,,,,, 15 é
: L ,‘ : z : L
5 0
-80-60-40-20 0 20 40 60 80 0 500 1000 1500 2000 0 02 04 06 038 1.8
Magnetic Field (kOe) Time (s) Temperature (K)

Figure 3.18: Conductance G as a function of the magnetic field (a) and time (b) in the wire n*-
Cdo.sMno.2Te at 50mK. The traces in (a) were taken in succession starting from the top, and are
shifted by e2/h for clarity. The arrows indicate directions of the sweep. Note that G decreases in the
upward direction. Temperature dependencies of the root mean square conductance fluctuations are shown
in (c), while time-averaged resistance (open symbols) and normalized variance of the noise spectrum in
(d); the solid lines are guides for the eye. Extracted from [107].

and the difference between subsequent traces, is clearly visible. Magnetic irreversibilities persist
even after a long waiting time. This article proves also the existence of a clear signature of the
spin glass phase on transport.

In the same way, Neuttiens et al [110] identified an intrinsic 1/f noise in narrow AuFe spin
glass wires. As in [105], 1/f noise is characteristic of spin glass freezing process as it is related
with the presence of a huge number of relaxation time scales in the material [106]. All these
examples reveal the interplay between spin freezing and electron dephasing in mesoscopic spin
glasses. However, none of these experiments were able to extract quantitative information on
the local spin configuration of the spin glass, as de Vegvar et al did.

3.3.5 Conclusion

As a conclusion for this chapter, we have shown, both qualitatively and quantitatively that it
is possible to have access to the frozen spin configuration of a spin glass via conductance fluc-
tuations measurements. This result is at the origin of our work. Similarly, original works on
coherent transport [88] derive the conductance fluctuations in the presence of frozen impurities.
All these studies show that frozen magnetic impurities have an influence on transport. To quan-
tify more precisely this influence, we propose to study not the fluctuations (g?), but conductance
correlations (g x ¢'), where the conductance g corresponds to one frozen spin configuration, and
g’ to another different frozen spin configuration, both taken in the same scalar disorder configu-
ration. We assume that the comparison of these conductances gives access to the comparison of
the different spin configurations.

In the next chapter, we describe the method we use to study coherent transport in a nanowire.
In chapter 5, we study in detail the universal properties of transport in different conduction
regimes and we manage to calibrate with high accuracy the Universal metallic regime (charac-
terized by the so-called UCF). In chapter 6, we study the conductance correlations and we show
that they are directly related to a crucial intrinsic spin property of the spin glass.
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Figure 4.1: Schematic picture of the system with an incoming electron. The spin glass is a quasi one
dimensional wire of length Ly, width L, and thickness L.

4.1 Introduction

4.1.1 The system

JE consider a system modeling a canonical Spin Glass (i.e Au doped with Fe or Ag doped
with Mn) connected to two electrodes modeled in the following as two semi-infinite
metallic wires. The goal of the study is to calculate numerically the conductance of
such a device, using the retarded Green’s functions formalism. The system we consider in the
numerical method has length L,, width L, and thickness L, as shown in figure 4.1. The thickness
of the system is set to 1 in units of lattice spacing® for efficiency in numerical calculations. We
can restrict ourselves to L, = 1 as we are dealing with the regime of one dimensional diffusion in
the x direction: the universal properties of diffusive transport do not depend on the transverse
dimensions. The Spin Glass nature of this sample is described by a set of classical spins {S_';}l
These spins are chosen frozen (see section 3.2.3) to mimic a low temperature Spin Glass phase.
This basic description is sufficient for the purpose of the calculation of the conductance.

The Hamiltonian of the system is a tight binding Anderson [111] Hamiltonian as described in
the previous chapter in equation (3.3) with an added magnetic disorder that couples the SU(2)
spin of the electron (described by the Pauli matrices &) and the Heisenberg classical spin of the

Lin the following, this length is not varied, we will not talk about it any more.
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impurity. In second quantization formalism, the Hamiltonian takes the form:

_ T T G .= T
H= E tijCj sCi,s + ViC; (Cips +J Si+ Fs,57C 5Cist - (4.1)
<i,j>,8 1,8 i,8,8"
Scalar disorder Magnetic disorder

1 represents the position of the electron in the lattice and s its spin state. The magnetic disorder
is described as an onsite potential to model the randomly oriented classical spin of the magnetic
impurities. We remind the reader that v; is a random quantity, whose statistical distribution is
chosen flat in the interval [—-W/2; W/2]. The orientation of each impurity spin is random on the
sphere of radius S = 1/2.

4.1.2 The parameters of the study

The lattice is a grid with longitudinal and transverse hopping amplitudes between sites, t;;,
chosen constant in the x (t,/) and the y (¢, ) directions. In the following, we impose ¢,, = 1.
Concerning the scalar disorder, we call a realization of disorder the set of {v;};’s, and we note
V = {v;};. The intensity W of the scalar disorder is taken equal to 0.6 in the whole study. In
most cases, the number of realizations of disorder used in this study is Ngis = 5000, the main
goal of the study being the study of the statistical distribution of the conductance with respect
to scalar disorder. To sample the distribution of conductance with high accuracy we generated
up to 50000 disorder configurations in a particular case (see next chapter).

To mimic a low temperature spin glass, the spin configuration {5‘;}1 is built by generating a
random Heisenberg vector at each site ¢. In this model, & is the coherent spin of the electron. J
is the amplitude of magnetic disorder and different values of J are taken between 0.025 ("weak"
magnetic disorder) and 0.4 ("strong" magnetic disorder).

The width of the system L, is varied from 5 to 80 (in units of lattice spacing a), and the
length L, from 5 to 60000. Both the longitudinal and the transverse lengths are supposed to be
smaller than the coherence length Ly, defined in chapter 2. It is introduced phenomenalogically
via a very small imaginary part given to the energy (in practice, E = Ep + 1, with ng = 1077.).

Magnetic fluxes, if applied, are chosen from 1 flux quantum to 1500 flux quanta through the
sample. We recall that fluxes are calculated through the whole sample:

¢ =DBLy x Ly. (4.2)
In this model, the magnetic field is taken into account through the Peierls substitution?:
t// — t//ez% fﬁ-d}, (43)

where A is the vector potential created by the magnetic field.

4.2 The Landauer-Buttiker formula of coherent transport

4.2.1 The scattering matrix
Definition of the scattering matrix

The goal of this part is to present the main properties of the scattering matrix of a diffusive sam-
ple, in relation with the current amplitudes coming in and going out of the sample. Considering

2we suppose that the magnetic field is weak, so that it only modifies the phase of the Green’s functions

calculated in Appendix A, section A.2.
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a diffusive sample as shown in figure 3.13 (chapter 3), we define incoming current amplitudes
at the left or right part (ai°™"8") of the sample or outgoing current amplitudes ¢/ &h*

standard Quantum Mechanics, as:

using

aright,le& — \/@wright,IEft7 (44)

in,out in,out

where 1 is the wave function of an electron and v, the group velocity of the corresponding mode
1. By definition, the scattering matrix S of the system links these amplitudes as follows:

left left
Aoyt Qi
=S (4.5)
right right
out in

The sample with its leads is described in figure 3.13. In this figure, the sample is taken between
x = 0and x = L,. The wave function propagating in the direction of the z-axis (towards positive
x) have the form 1, (x) o e**=%, where k, is the 2 component of the wave vector of the electron.
Wave functions propagating towards the negative = have the form: ¢_(x) o< e "%, The wave
functions v introduced in equation (4.4), can then be calculated, following figure 3.13:

Ul =4 (z =0),
Yht = v_(z = 0),
Y = (x = Ly),
Yot =y (z = Ly). (4.6)

For a system with a number of N, transverse modes, the scattering matrix is 2Ny x 2N, [96].
In the following, the quantity of interest is the transmission probabiltiy T;,. ., from a channel n
in the lead® p to a channel m in the lead ¢. It reads:

2
where s,,, are the coefficients of S.
Interpretation of S
The conservation of current:
right |2 left|2 __ | right|2 left |2
|a’in | + |a’in | - |a’0ut | + |a’0ut| (48)
Incoming current Outgoing current

imposes that the scattering matrix S must be unitary [97, 112], i.e STS = 1. It is possible to
define the scattering matrix from wave amplitudes (denoted S’). The coefficients of this matrix
are related to the coefficients of the S matrix by (consider equation (4.4)):

Sfmn = U_msmna (49)
V Un

where vy, , are the group velocities of respectively channel m and n. Notice that the matrix S’
is not unitary.
If one applies a magnetic field B perpendicular to the plane sample, the scattering matrix
statisfies a reciprocity relation:
S(B) = S*(-B). (4.10)

S is the transpose matrix of S.

3in this two-terminal geometry, p and g denote either the left or the right lead.
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4.2.2 The Landauer-Biittiker formula

In figure 3.13 the left and right reservoirs are particle reservoirs at respective temperature T7, and
Tgr. Their chemical potential is uy, r. Both are supposed to be at thermodynamical equilibrium.
When an outgoing particle reaches a reservoir, it is absorbed with probability 1. For simplicity
in this section, we consider a purely one dimensional system. The probability for an incoming
electron with energy E to be transmitted from left to right part of the diffusive sample is given
by the transmission amplitude ¢(E). In other words, the scattering matrix S reads [113]:

_( n(E) up)
S< HE) +(E) ) (4.11)

r(E) and r'(F) are reflexion amplitudes, and ¢(F) is a transmission amplitudes. The quantity of
interest is the net electric current I that flows from left to right as a function of applied voltage
Velec-
The form of the wave function of an incoming particle from the left reservoir to the diffusive
sample is, following equation (4.6):
Yr(z) o ek, (4.12)

for a perfect one dimensional system. Then the wave function of the outgoing particle, in the
right electrode, is ¢r(z) = t(E)¢r(x). The corresponding one particle current from the left
to the right (far from each particle reservoir) Zj_, g, can be derived using standard Quantum
Mechanics calculations [114]:

IL—»R 0.8 €I€It(E)t* (E) (413)

For many particles with energies between E and F + dF, this current is modified as:

dp(E)

15 ev(E) fr(E)|t(E)|*dE, (4.14)

dI;_r =

where % is the density of state at energy F, v(F) is the group velocity of electrons at this
energy and fr, is the Fermi-Dirac distribution:

1
E— 9
exp ( kB;f:) +1

where p11, g is the chemical potential of the left (resp. right) reservoir.
In the case of a one dimensional system, p(F) = N(F)/L, with N(E) the number of particles

at energy E, we find that p(E) = k(E)/2r (k(E) is the wave vector at energy E). Asv(E) = £&

fr.r(E) = (4.15)

the net current in one dimension reads:

Al g = % FL(BE)T(E)dE, (4.16)
with T(E) = [t(E)|? the transmission probability. We define the total current I as
I= /(d]LﬁR —dlp_r) (4.17)

as the difference between the current flowing from left to right and the current flowing from right
to left. If I > 0, the current flows effectively from left to right, whereas it flows from right to left
if I < 0. Moreover no reflected current from left to left or from right to right have to be taken
into account since we count the number of electrons flowing through a section in the middle of
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the conductor. If we assume that the transmission probabilities from right to left and from left
to right are equal, we end up with:

e

I
h

/ AE (f1(E) - fr(E)) T(E). (4.18)

The origin of the movement of the electrons in the wire is the non vanishing applied voltage Vjec.
The chemical potential reads then: py p = p =+ e—%‘—e&, and T, = Tr. Therefore

r=5 [ap (- 5= - sip+ S5 ) 706 (4.19)

For sufficiently low potential difference V5. this equation can be simplified by assuming that the
difference of the two Fermi-Dirac distributions is approximately equal to eVjec X (7%). This

derivative is exactly a Dirac delta-function at zero temperature. We can then conclude that, at
that temperature:

62

I=VoeT(Er). (4.20)

where Ep is the Fermi energy. The conductance G is then equal to %T(EF). This equation is

valid for a one dimensional system. If the sample and electrodes have a transverse extension L,,
and if the spin of the electron is taken into account, the conductance takes the following form
(Landauer-Biittiker formula [115]):

G—£ZT (Er) (4.21)
— L o m«n F) .

where m and n are transverse modes. s is the spin degeneracy, and depends on the universality
class (see chapter 3).

For a wire of width L,, the total wave function has the form:

\If(x,y) = emszn(y)' (4'22)

In the transverse direction, electrons are confined between y = 0 and* y = Ly = aN,. Solving
the Schrédinger equation in the transverse direction (electrons feel a confining potential that is
infinite if y > L, and y < 0, and null either) leads to the appearance of quantized energies E,
and transverse modes y,(y) defined as:

%Xn(y) = Ean(y)a (423)

where J%, = 785 (if we impose i = 1 and m, = 1). The eigenfunctions y,, are then:

2 nmy
=] : _ 4.24
Xn(Y) Ny+1sm<Ny+1) (4.24)

The group velocity of this mode is given by:

/
Un = 2% sink,, (4.25)

4Ny represents the number of normal modes, and is equal to Ly /a, where a is the lattice spacing.
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where the wave vector k, is determined by the dispersion relation:

En=€—2tLCOS(N:11) — 2t cos kg, (4.26)

where € is the on-site energy. In the following these transverse modes are called propagating
modes or channels. We impose the supplementary condition ¢,, = 2¢, to stay near the band
center (and therefore avoiding the presence of fluctuating states [116].

4.3 The Fisher-Lee relation.

4.3.1 What are Green’s functions?

The Green’s functions of a physical system provide the response at any point of the system due
to an excitation at any other point. Assume that the response ¢ (7, 7) of a system is related to
the external excitation %B(7, ") by a generic linear differential operator ¥

LW(F, 7)) = B(F, ), (4.27)

ZLIGI(F,7) = 6(F, ), (4.28)

with ¢ the Dirac distribution function.

Example.
Consider a free particle in a magnetic field. The Hamiltonian of this particle is:

e (1hV + eA)Q.

2m

The eigenstates ¥ and eigenvalues E are calculated via the equation:
HVU(r) = E¥(r).

This equation can be written in terms of one operator applied to the state ¥ and a source:
(S — E)U(r)=0.

The Green’s function ¢ of this system is then the state that verifies

(A —EYY(r,r") =6(r,1").

This is the response for a pulse excitation at position 7’.

The Green’s function is formally equal to

G=o (4.29)
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4.3.2 Link between the Green’s function and the scattering matrix

Considering the system described by figure 3.13, one can calculate the Green’s function between
a point lying on the line z, = 0 in lead p and another point lying on the line z, = L, in lead g,
denoted by Gﬁ'](acq =Ly, ygzp =0,yp) = th;(yq; yp). The upper script R stands for retarded
Green’s functions (see [112]). As shown on figure 3.13, there are several transverse channels in
each lead (p or q), so the retarded Green’s function has the following expression [112]:

nep mEq

Xm 18 the eigenstate of the transverse Hamiltonian (4.24) (the potential in the transverse direction
is only confining, equal to zero if 0 < y < L, and infinite either, see section 4.2.2). A} is the
wave amplitude of an electron in channel m € ¢ going in the direction of the diffusive sample,
A is the wave amplitude of an electron in the same channel but in the direction opposite to
the diffusive sample. The channel n belongs to lead p. s, is the scattering matrix defined in
section 4.2.1 in terms of wave amplitudes. Recall that this matrix is not unitary®. Considering

continuity arguments for the wave function, one finds:
_ 1
A = A7 = 5w (4.31)
Using equation (4.9), the Green’s function reads:

yqa ?Jp Z Z \/—Xn(y;n) (5nm =+ Smn) Xm(yq)- (4-32)

nep meq

In order to obtain the expression of the scattering matrix elements as a function of the Green’s
functions of the system, we multiply equation (4.32) by Xn(yp)xm (Yq), integrate over y, and y,
and make use of the orthogonality between the y functions.

Smn = 'Lh\/ 'Unvm//dypdqun (ypa Tp = 0)
X GR(ypa-Tp = O|yqa g = Lm)Xm(yqa-Tq = Lz)a (4-33)

This relation is known under the name of Fisher-Lee relation [117].

Thanks to this last relation and equation (4.21), one is able to link directly the conductance of
any conductor to its retarded Green’s functions. The last step needed to obtain the conductance
is the calculation of the Green’s functions of the system. In this study, we use a numerical
method based on a recursive calculation of the Green’s functions.

4.4 Computing Green’s functions

In this section, we study the influence of perturbations of a free system. In section 4.4.1, we
present general results on Green’s functions in perturbed systems, and we apply in section 4.4.2
these results to our own Anderson model.

5the unitary scattering matrix links current amplitudes
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4.4.1 Green’s functions and perturbed systems

The perturbed Hamiltonian can be expressed in the form
H=Ho+ 7, (4.34)

where Hg is the free part of the Hamiltonian and ¥ is a perturbation potential. We define two
types of Green’s functions:
G = (E—Ho)™! (4.35)
GR = (E-H)! (4.36)
G is the Green’s function of the free Hamiltonian Hg, and G is the Green’s function of the

complete system. It is generally difficult (if not impossible) to calculate directly the Green’s
function of such a system, but it appears that

GF = ((GEy 1 —»)". (4.37)
Provided that the perturbation ¥ is small compared to the free part of the Hamiltonian (¥ <

Ho = (GF)™1), one can expand the above equation in powers of ¥ [118]:

G = (G a-Gi) T = (- Ghr) T 6l

= GE+GEVGE+GEVGEvGE + ...

= G¥+Gliv |G +Glral+...
GR
= Gt+GEvar (4.38)

In the following, we use this so-called Dyson equation in the tight binding model presented
above to calculate recursively the retarded Green’s functions of the whole system.

4.4.2 The recursive numerical method

We calculate the Green’s functions recursively by building the wire row by row as shown in figure
4.2. In this case, the perturbation ¥ is the hopping from a slice at step n and the slice with
only one row. Using a Dyson equation (4.38), the recursive method to calculate numerically the
propagators is described schematically in figure 4.2. We also refer to [119] for the description of
the method in the three dimensional case.

We define G% » the Green’s function for a system with M columns (the number of columns
in the previous expression is given by the upper script), that links any point at * = M with
any point at x = M. See figure 4.3 for the definition of all the relevant Green’s functions. We
explain, in this section how we use the Dyson equation (4.38) to calculate recursively all of them,
and we concentrate on G% M-

For that purpose, we define the hopping from column x = n to column x = n + 1 by the
operator V(n,n + 1), and we define V(n + 1,n) the hopping in the opposite direction (i.e from
column n + 1 to column n). As illustrated in figure 4.2, we suppose that the sample is already
built from & = 0 to = n (i.e the Green’s functions of such a system are supposed known), and
we want to add one column to build a sample with n + 1 columns. the unperturbed system is
constituted by a sample of size n, and one column. These two systems are unconnected and the
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Stepn N\ Stepn+1

(n) R +1 +1 (n+1)
Gl,n g(n N ) C':‘1,n+1

Figure 4.2: Ezplanation of the recursive method of calculation of the retarded Green’s functions of the
system. The potential v = ¥ in the text is the longitudinal hopping term in the Hamiltonian. At step n,
all retarded Green’s functions are supposed known. One transverse column is then added to the system
via a Dyson equation: the Green’s function for a single transverse column is calculated numerically. The
Green’s function of a system of n+ 1 columns is deduced from the knowledge of the Green’s function of a
system of n columns and the calculation of the Green’s function of a system of one column, by inversion
of the transverse Hamiltonian at n+ 1 (see equation (4.39)).

Step M

M
G

M M
val) Ggw,z)w

N

(M)
G

Figure 4.3: Definition of the different Greens functions at an arbitrary step M. GYHI) is the Green’s
function of an electron going from any point of the first column to any other point of the first column.
The electron diffuse nonetheless in the whole sample. In the same way nyj)w links any point of column

M to any other point of column M, ngﬁ links any point of the first column to any other point of column

M, and G%IM% links any point of column M to any other point of the first column.

Dyson equation is required to connect them. The Green’s function of one column of the system
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is denoted g®(n + 1,n + 1) and is equal to:
g% (n+1,n+1) = (E — Hyans) (4.39)

where Hiyans is the Hamiltonian of a slice of one column of the system ("transverse" Hamiltonian),
and takes the following form:

w1 7tJ_I[2 0 0
7tJ_]IQ w2 0 0 (4 40)
0 0 _tL]IQ WN
The w;’s are the onsite potential terms defined as follows (see equation (4.1)):
w; = villy + JS; - &, (4.41)

where Iy is the 2 by 2 identity matrix and & gathers the three Pauli matrices. This form is
justified since the spin of the electron is a quantum number: the transverse Hamiltonian is a
2N, x 2N, block matrix, whose blocks are of size 2 x 2. Each block represents one propagating
channel and the 2 x 2 structure represents the spin of the electron in each channel.

To calculate Gfﬁ;lr)l +1, we use equation (4.38) in the following way: the perturbed Green’s
function G¥ is equal to the Green’s function of the linked system. Before linking, the Green’s
function that relates any point at * = n + 1 to any point at x = n+ 1 is g¥(n+1,n +1). We
have then G&¥ = ¢g%(n +1,n+1). Then V links any point at z = n + 1 to any point at = = n.
We end up with the equation:

Gt =gt L+ 1) + g%+ Ln+ DV(n+1,0)GT. (4.42)

Similarly, we deduce from equation (4.38), the expression of Gg":{i)l, as a function of g%(n +

1,n+ 1) and Green’s functions of the sample of n columns:

G =0+ GV (n,n+1)GIH) L. (4.43)

In the unperturbed system, columns n and n + 1 are not connected, therefore G¥ is zero in the

previous equation. Combining both equations, we find an expression for Ggflli 41 depending

only on gf*(n + 1,n + 1) and on the Green’s functions defined in figure 4.3. In equation (4.44)
we report the results for the four Green’s functions needed:

-1
GE::E}%H = (1 —gftn+1,n+ 1)V (n+ 1,n)G£{f}lV(n, n+ 1)) gt (n+1,n+1),
GYZF_:% = GYZV(”, n+ 1)G5:f1}7)1+17
Gt = (1 GV (n,n+ g (n+1,n+1)V(n+1 n))_1 a\"
n+1,1 n,mn ’ g 9 9 n,1»
G =6\ + GV (nyn + )G, (4.44)

We remark that this set of Green’s functions is a closed set of operators, we do not need one
more to perform the calculation at each step.

Justification of the recursive method.

This method is efficient as the time of calculation is linear with the longitudinal size of the
system. The quasi one dimensional geometry allows the building of the sample column by
column. The calculation time is not linear in the transverse size, which limits the extension
of the sample in that direction.
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4.4.3 The boundaries.

One issue that has not been discussed up to now, is the injection and the collection of electrons
to measure a current and a potential difference. The leads that connect the diffusive sample are
modeled as semi infinite metallic wires without disorder, so that no electron can come back in the
diffusive sample: all electrons are perfectly absorbed by the electrodes. The Green’s functions of
such a system between two points at the interface of the semi infinite wire are known analytically:

N,
1 Yy
Grena(yn,2) = - D xny)e® ™ xn (y2), (4.45)
n=1

where x( is the position of the interface. According to figure 4.4, the initial step for the recursive
method is given by the left electrode Green’s function, and the terminal point is given by the
right electrode Green’s function.

Figure 4.4: Boundary conditions are given by the Green’s functions of the electrode (two semi infinite
metallic wires). The left electrode is the first step of the recursive method, and the right one is the
terminal point of the method.

To sum up the results of this chapter, for one given realization of scalar disorder and one given
spin configuration for the impurities, we are able to calculate recursively the Green’s functions of
the spin glass, from the Fisher-Lee relation, equation (4.33), it is possible to deduce the scattering
matrix of the system, and from the Landauer-Biittiker formula, equation (4.21), the two terminal
conductance is derived.

4.4.4 Numerical tests

Basic tests can be performed to control numerical errors. After having calculated recursively
the Green’s functions, the scattering matrix can be computed numerically thanks to equation
(4.33). The system has a physical meaning provided that this matrix is unitary (recall that this
unitarity is a consequence of current conservation). The matrix

A=S's (4.46)

is computed, with the coefficients of the matrix A equal to:
aij = Y $hiskj- (4.47)
k

If the S matrix is unitary, A must be the identity matrix. the first test is to calculate the trace
of A and to compare it to the number of channels in the leads:

testunitl = Z ai; — Ny (4.48)

K2
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The second test checks if there are non zero terms outside the diagonal:
testunit2 = Z aij. (4.49)
i,j#i
The third test is very similar to the second one, it is:
testunit3 = Z a;; — testunitl. (4.50)
.

If these three tests are equal to zero, the scattering matrix is unitary, and the system is physical,
the conductance is then calculated via equation (4.21). In practice the first test remains lower
than 10~* even for the largest sizes we considered.
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thesis. The next two chapters deal with the results we obtained in different conduction
regimes. The goal of this part is to show that, depending on the length of the wire, there
exists an insulating regime (Anderson localization) and a metallic regime for the conduction of
electrons. The length that discriminates between both regimes is studied in detail, and universal
properties (i.e that only depend on the symmetries of the problem) are extracted in both regimes.
A particular focus is made on the conditions for obtaining the universal metallic regime, since it
is the regime of interest for the next chapter and the only experimentally accessible regime. At
the end of the chapter, the issue of the validity of the ergodic hypothesis (see section 3.2.1) is
raised.

5.1 The Anderson localization in quasi one dimensional sys-
tems

5.1.1 What is Anderson localization?

In 1958 Anderson [111] proved that diffusion in random lattices can disappear due to the quantum
interferences. For a three dimensional system, a transition between a metallic and an insulating
regime appears when the strength of disorder is increased. For large disorder, electrons cannot
escape the system, they are localized in a region of the solid: this is the Anderson localization.
In an electronic transport point of view, Anderson localization is characterized by a vanishing
conductance, as the electrons have difficulties to escape the solid. On the contrary, the conduc-
tance is large in the metallic regime. In the following more quantitative characterizations of the
Anderson localized state will be highlighted. In 1979, Abrahams et al. [120] established a scaling
theory of localization stating the absence of quantum diffusion in one and two dimensions. Their
argument is presented briefly in the following.

They assume the existence of a single parameter scaling that describes the behavior of elec-
tronic transport when the typical size L of the system is modified. This single parameter is the
dimensionless conductance g(L)!. In other words, they assume:

g(bL) = f(b,9(L)), (5.1)

where b is a scaling factor. In continuous terms, it is practical to define a scaling function 3(g)
by:

dlogg
Blg) = dlog L

At large and small conductance, it is possible to deduce the asymptotics of that function from
general arguments.

(5.2)

Large conductance

In that case, macroscopic transport can be used, the quantum effects are negligible (the effects of
disorder are small). We use then the relationship between the conductance and the conductivity
o (because the conductivity does not depend on L), and for a sample of size L? (where d is the
dimension of the sample), we get G(L) = o L?~2. We deduce then:

lim B(g) =d— 2. (5.3)

g—00

Iwe remind the reader that g = G/Gp, where G is the conductance of the system and Go the quantum of

conductance defined in section 3.2.2.
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Small conductance

In the limit of small conductance, all electronic states are predicted to be exponentially localized
around the impurities, and therefore g falls off also exponentially (at least at zero temperature):

g = goefo‘l‘_ (54)
From this relation, we deduce the behavior of the scaling function in that regime:

B(g) = logg —log go (5.5)

at all dimensions.

The scaling function

From these limits, the authors sketched the universal curve 3(g) reproduced in figure 5.1, using
continuity arguments. The flow of renormalization (by increasing at each step the size of the

Figure 5.1: Plot of the scaling function as a function of logg for one, two and three dimensional
systems. The absence of fized points for a finite value of conductance in one and two dimensions leads
to the absence of metallic regime in the asymptotic limit. Extracted from [120].

system) tends to g(L, — oo) = 0 in one and two dimensions, as the sign of the 8 function
indicates the increase or decrease of the conductance with the length of the system. The presence
of a fixed point in three dimensions ensures the existence of a transition at g = g.. Recently,
the possibility to probe directly the properties of this localization with cold atoms [121, 122] has
greatly renewed interest for this physics.

In the case of quasi one dimensional wires with a fixed amplitude of disorder, the conductance
vanishes with increasing longitudinal length L,. For short wires, the conductance can reach large
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values as shown on figure 5.2. Changing the length of the sample allows the system to reach
both metallic and insulating regimes of conduction. The goal of this chapter is to study these
regimes and in particular the conditions to enter the diffusive metallic behavior, which is the
relevant experimental regime of usual nanowires.

5.1.2 Universal and non universal regimes

As we have seen in chapter 3 (section 3.2.5), systems with longitudinal length L, much larger
than the magnetic length L,, are in GOE and systems of length much smaller than L,, are
in GUE. Each of these ensembles defines a different universality class, as both ensembles are
characterized by different symmetries. Experimentally speaking, real spin glass nanowires are
generally neither in one class nor in the other, but in a non universal regime, which corresponds
to the case of moderate values of magnetic disorder J or of a longitudinal length in between
the two limits described above. In the following we will study both the universal and the non
universal properties of transport in the insulating and metallic regimes of conduction.

5.2 Study of universal properties of the Anderson localized
regime

5.2.1 The localization length

In a metallic nanowire with a given value of disorder, there exists a value of the longitudinal
length for which the average conductance becomes smaller than one, as explained before. Figure
5.2 shows this behavior for a purely metallic wire and for a spin glass wire with different values
of magnetic disorder J. This curve illustrates our point that the conductance of a wire vanishes

5z \

0 1000 2000 3000 LX 4000 5000 6000

Figure 5.2: FEwvolution of average conductance with longitudinal length Ly for different values of mag-
netic disorder. The line (g) = 1 is shown, to emphasize that for large systems, the wire acquires vanish-
ingly small values of conductance.

with increasing length. As shown in section 5.1 in the regime of small conductance, exponential
localization occurs which implies that the conductance is exponentially decreasing: equation
(5.4). Using dimensional arguments, a~! is the decaying length of the conductance. It is natural
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to assume that this length is directly proportional to the so called localization length & which
characterizes the cross-over between the metallic (L, < &) and the localized (L, > &) regimes.
In this section, we present two methods to determine this length via transport properties.

The determination of ¢
First we consider the typical conductance of the system defined as:
Jtyp = ellos9), (5.6)

From the above discussion (see equation (5.4)), we expect the following scaling behavior:
2L
Giyp ~ € € for Ly,>¢ (5.7)
Knowing equation (5.7) we plot the average value of the logarithm of the conductance as a
function of the longitudinal length of the sample. This is shown in figures 5.3, 5.4 and 5.5, for
different values of magnetic disorder. These curves show that for very small longitudinal lengths

J=0 7

0 0.5 lL 15 2

Figure 5.3: FEvolution of (logg) = log giyp as a function of longitudinal size for different transverse
lengths. The amplitude of magnetic disorder is J = 0. The linear part of the curve allows one to get the
localization length from the scaling form in the insulating regime (log g) = —%.

(log g) is not proportional to L,. For large values of the longitudinal length, (logg) is directly
proportional to L, as expected and a basic fit of this linear part of the curve gives access to the
localization length. Notice well that the linear part in all these curves is clearly identified, so the
evaluation of £ is straightforward. This method allows to determine the localization length for
each value of L, and J we consider.

Another way to extract the localization length from the conductance consists in studying the
Lyapunov exponent «y of the transfer matrix of the system. In the scaling theory of localization
(RMT), a Lyapunov exponent can be defined related to the product of transfer matrices [123,
124, 125, 101] (see section 3.2.5 for the definition of the transfer matrix). Consider the transfer
matrix © of the entire wire. It is a product of random matrices (each of size 2N x 2N) as:

0= H T,. (5.8)



76 CHAPTER 5. UNIVERSAL PROPERTIES OF CONDUCTION

(og g O

0 2000 4000 6000 |_ 8000 10000 12000
X

Figure 5.4: Evolution of (logg) as a function of longitudinal size for different transverse lengths and

J = 0.05. The linear part of the curve allows one to get the localization length from the scaling form in
2L,
e

the insulating regime (log g) =

5 | | | | y
0 2000 4000 6000 8000 10000 12000

X
Figure 5.5: Evolution of (logg) as a function of longitudinal size for different transverse lengths and
J = 0.4. The linear part of the curve allows one to get the localization length from the scaling form in

the insulating regime (log g) = —QLTw.

In the limit of large wires (n — oc), the 2N random eigenvalues e*2¥i of ©OT tend to the
non-random values e*27%= with ; independent of L, [101]. The largest Lyapunov exponent is
equal to this inverse of the localization length.
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Following [126, 116] it is a function of the conductance:

1 1 1
V(La) = oL, 8 (1 + g(Lz)) LT E (5.9)

On figure 5.6 and 5.7 we have plotted the Lyapunov exponent versus the inverse of the longi-
tudinal length for different values of magnetic disorder. Different curves correspond to different
widths of the wire. The advantage of this method is that there is no need of any numerical fitting

-3
6le o ‘ -
Ly:10
5 '.'J:O |
J=0.05
4J=02
4r =04 b
Erev -'-J 0
>3- E
2, -
1 _______ -
O ““—4 ‘ ‘ “““‘—3 —]_ HHH‘—Z ‘ ‘ HHH—l
10 10° L 10 10
X

Figure 5.6: Fwvolution of Lyapunov exponent with the inverse of longitudinal length in semi-log plot.
Circles correspond to J = 0, squares to J = 0.05, diamonds to J = 0.2 and triangles to J = 0.4. The
value of the transverse length is 10. The localization length can be extrapolated from the value of v for
Ly — oo. The denomination &prev 1S the value of the localization length determined previously using
the typical conductance. The different values correspond to the different values of magnetic disorder in
consideration.

procedure, only an extrapolation is necessary to get the value of the inverse of the localization
length for an infinite wire. Nevertheless, this method has less accuracy than the previous one
(with the use of the typical conductance) as on many plots of figures 5.6 or 5.7, the Lyapunov
exponent is still significantly varying with the longitudinal length. To reduce the error, very long
wires are needed?, which is limited by calculation time. Both methods give finally comparable
results but the accuracy on the localization length is better with the first method using the
typical conductance, as for all geometries and all values of magnetic disorder a linear behavior
of the average of the logarithm of conductance has settled. On all these curves one obviously
notice that the localization length depends on both the magnetic disorder J and the width of
the sample. The next section deals with the study of the behavior of ¢ as a function L, plotted
for different values of magnetic disorder.

The evolution of ¢ with the width of the wire

Qualitatively the localization length is a growing function of the width of the wire as the entrance
in the insulating regime corresponds to the progressive closure of all propagating modes whose

2compare for instance figure 5.6 and 5.7: in the first one, the maximum aspect ratio is 3 000, whereas it is only

600 in the second one.



78 CHAPTER 5. UNIVERSAL PROPERTIES OF CONDUCTION

Figure 5.7: Fvolution of Lyapunov exponent with the inverse of longitudinal length in semi-log plot.
Circles correspond to J = 0, squares to J = 0.05, diamonds to J = 0.2 and triangles to J = 0.4. The
value of the transverse length is 20. The localization length can be extrapolated from the value of v for
Ly — oo. The denomination &prev 15 the value of the localization length determined previously using
the typical conductance. The different values correspond to the different values of magnetic disorder in
consideration.

number is directly proportional to the width of the sample. Quantitatively, the evolution of
&(Ly) is expected to follow [101, 127]:

§=(BLy +2 - B)le. (5.10)

le is the mean free path and 3 is the symmetry index. § = 1 corresponds to the Gaussian Or-
thogonal Ensemble universality class GOE while § = 2 for the Gaussian Unitary Ensemble GUE.
Note that this change in 3 is accompanied by an artificial doubling of the number of propagating
modes as a consequence of the breaking of Kramers degeneracy [101] and the modification of
the definition of the quantum of conductance (equation (3.13)). In GUE, the quantum of con-
ductance is then twice smaller than in GOE. Comparison of numerical localization lengths for
different J with (5.10) is shown in fig 5.8. In this curve, the elastic mean free path is determined
for J = 0 by fitting the numerical data with the previous expression for the localization length.
In units of lattice spacing, this length is found equal to 60. For J # 0, we deduce the value of
the elastic mean free path using the ratio: l.(J)/l.(0), which is found to be equal to the ratio of
o0(J)/00(0) (see section 5.3.2) using the Matthiesen rule. For the largest values (J = 0.2 and
J = 0.4) of magnetic disorder, a comparison between the value found by this method and a fit
using equation (5.10) gives very close results.

Excellent agreement is found for J = 0 (GOE class, § = 1). In the case J # 0 we observe
a crossover between GOE and GUE for intermediate values of magnetic disorder, while a good
agreement with the GUE class is reached for J > 0.2. The intermediate values of J are not
compatible with the linear behavior (5.10) (see in particular the curve for J = 0.05). This signals
a non-universal behavior of localization properties for intermediate magnetic disorder.

From these results, we already notice that the localization regime is reached for much longer
wires in the GUE case than for GOE. As shown below, this allows for an easier numerical
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investigation of the universal metallic regime in the GUE case: magnetic impurities help in
finding the universal conductance fluctuations!

100
-@-J=0
80 |-m-J=0.05
4-J=0.1
¥-J=0.2
60r |-4J=04 7
=%| |—Theory, GOE
e ---Theory, GUE
40r B
20 . )
0O 5 10 L 15 20 25

y

Figure 5.8: FEvolution of localization length as a function of transverse length. l. is the mean free path
of the diffusive sample. Different behavior of the localization length if J =0 (GOE) or J #0 (GUE).

Notice that for intermediate values of the magnetic disorder (for instance consider the case
J = 0.05 of figure 5.8) the behavior of the localization length with the transverse length of
the system is incompatible with the linear universal law. This regime of intermediate magnetic
disorder amplitudes is the relevant experimental case. Up to my knowledge, this non universal
behavior is not yet understood analytically. This regime is presently under investigation: the
determination of the localization length for smaller values of the transverse length L, and for
smaller values of magnetic disorder J allows to conclude that for small L, and J = 0, £ follows
the J = 0 universal law, and that the slope of the linear behavior changes to the GUE case when
L, is increased. For moderate values of J (squares, diamonds), the law at large L, seems to
have the right slope but a different y-intercept. The accurate characterization of the localization
length in both universal regimes opens the route for a study of the insulating regime on the one
hand and of the metallic regime on the other hand. The next section deals with the study of
universal properties in the localized regime.
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5.2.2 Statistical distribution of conductance
A preliminary result

In the previous section we plotted the average conductance as a function of longitudinal size
(see figure 5.2) to characterize the cross-over between the metallic and the insulating regimes.
Consider now the whole statistical distribution of conductance to study the change of the shape
of this distribution, while the length of the wire is increased. This is plotted in figure 5.9. From

35

J=0, L =10, N = 50000 points
y —_Num data, L_= 400

___Num data, LX =800
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___Num data, LX =2000
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= Log—-normal interpolation |

--- Log—-normal interpolation
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Figure 5.9: Fuvolution of the statistical distribution of the conductance for different longitudinal sizes.
L, =10 and J = 0. Plain lines are gaussian (if giyp > 1) or log-normal (if guyp < 1) interpolations of
numerical data. PDF stands for Probability Density Function. N = 50000 is the number of configurations
of disorder used to plot the statistical distributions.

this curve one can make a preliminary conclusion: in the metallic regime the Probability Density
Function (PDF) of the conductance is almost Gaussian as expected [128, 129], whereas it tends
to a Log-normal distribution but only in the deep insulating regime (L, > &). The Log-normal
shape [129, 130] in the insulating regime has also been predicted. See [101] for a review. The
convergence toward a Gaussian PDF is fast as soon as the system enters the metallic regime
whereas the convergence is "slow" 3 to obtain a Log-normal distribution in the localized regime
[129]. The other striking behavior illustrated on this curve is the appearance of a non-analytic
point at g = 1 as soon as the system enters the localized regime, which is in agreement with
[130, 131, 132, 133]. The next sub section studies this non analyticity.

Non-analyticity at g =1 in the localized regime

To do so, we plot the PDF of conductance in the so called intermediate regime ((g) < 1). The
result is shown on figures 5.10 and 5.11. In the regime where (g) is very close to one, figure 5.11
shows that as soon as the system enters the metallic regime, the Gaussian shape for the PDF
settles. For (g) = 0.995 the PDF is no longer gaussian but the tail in the metallic regime (g > 1)
is well approximated by a gaussian curve. This behavior shows that as soon as the system enters
the localized regime, the statistical distribution of the conductance becomes non symmetric. If

3for aratio Ly /€ & 2.5, the difference between numerical data and a Log-normal interpolation is still perceptible
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Figure 5.10: Comparison of Probability density functions (PDF) of conductance for J = 0 (plain
curves) and J = 0.2 (dashed curves). Plots are performed for different values of average conductance.
(a): {g)(J =0) = 0.84 and {g)(J = 0.2) = 0.79. (b): {g)(J = 0) = 0.67 and {g)(J = 0.2) = 0.62. (c):
(9)(J =0) =0.45 and (g)(J = 0.2) = 0.42. (d): (9)(J =0) =0.21 and (g)(J = 0.2) = 0.18.

the longitudinal length is increased figure 5.10 shows the appearance of a clear non analyticity
that seems to develop around g = 1, that is to say at the entrance of the localized regime. One
still open question is the way (sudden or smooth) this non analyticity appears when the system
reaches the localized regime (i.e when its longitudinal length becomes greater than &). To try
to answer this question, one possible way is to use the Cumulative Distribution Function (CDF)
as plotted in figure 5.12, to fit it with polynomial functions on each side of the non analyticity
and to derive each fit, to have access to the slope of the derivative of the PDF. Figure 5.12 is a
preliminary result and further analysis is required to have a quantitative understanding of the
phenomenon.

A second study consists in analyzing the influence of the symmetries and of the value of
(g9) on the non-analyticity. For similar values of (g) we compare the PDF of conductance in
GUE (J # 0) and in GOE (J = 0). The results are plotted in figure 5.10. The shapes of these
distributions are highly similar if (g) < 1, showing that distributions for J = 0 and J # 0 tend to
become Log-normal with the same cumulants. In the intermediate regime ((g) ~ 1), shapes are
symmetry dependent. Moreover the non-analyticity appears for different values of conductance
(close to 1) and the rate of the exponential decay [130] in the metallic regime seems to differ
from one ensemble to the other (see for instance curves (a) or (b)). One can then state that in
the deep insulating regime statistical distributions for the same geometry but for vanishing or
not magnetic disorder seem to collapse in one single curve, giving rise to super-universality, as
described in [134], as opposed to the metallic regime.

After having concentrated on statistical distributions, we continue with the study of second
and third cumulants of the logarithm of conductance to study the convergence of the conductance
distribution towards a Log-normal. We also extract a remarkable scaling called the one parameter
scaling: all cumulants of the distribution of log g are proportional to one single parameter [120,
135]. Strong evidence [136, 129] have been found to show that in the thermodynamic limit
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Figure 5.11: PDF of conductance for (g) < 1(J = 0.2) and (g) > 1(J = 0) and Gaussian interpolations.
L, = 10.

(L; — o0), the distribution of logg has a Gaussian shape. However, for a finite value of L.,
non-universal and non Gaussian tails are found.

The study of cumulants

As we have already plotted the evolution of the average logarithm of the conductance as a
function of L, (see for instance figure 5.5), we will now plot higher order cumulants as a function
of the first one. On figure 5.13 or 5.14 we show the evolution of the second cumulant of logg
versus (log g). On figure 5.13, the plots for two different values of magnetic disorder (J = 0 and
J =10.2) and L, = 10 show the same linear behavior of the variance of log g as a function of the
average. One of the key points of this curve is the one parameter scaling that is verified for this
cumulant in the deep insulating regime, as the second cumulant is proportional to the first one.

x 10 x10°
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Figure 5.12: Right: PDF of conductance for (g) < 1(J = 0.2) and L, = 10. Left: Cumulative
Distribution Function (CDF) of the numerical results (50000 configurations of disorder were used for
this study).
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Figure 5.13: Plot of the variance of log g as a function of the mean for J =0 (left curve) and J = 0.2
(right curve). The slope of the linear fit is equal to —1.88 in both cases.
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Figure 5.14: Plot of the variance of logg as a function of the mean for the orthogonal and unitary
case. The slope of the linear fit is equal to —1.88. This plot shows also super-universality as the behavior
of the second cumulant does not depend neither on geometry of the wire nor on the universality class.

The coefficient of proportionality is found via a fit of the linear part of the curve and gives a value
that is very close to —1.88. Analytically, the second cumulant is expected to follow[137, 127]:

((log g — (logg))*) = ((log g)*)c = —2(log g). (5.11)

On these curves, the fit was a pure linear function (i.e of the form x — az, with a a free
parameter). Our numerical result shows a small discrepancy with that theoretical study (based
on RMT). Notice that a fit of the linear parts of the curves of figure 5.13, with a function of the
form x — ax + B, with « and [ free, gives a result for a that is very close to 2, but with a non
vanishing (3, which is not in agreement with [127].

Another crucial result shown in these plots and more accurately in figure 5.14 is the con-
firmation of the super-universal behavior, as the second cumulant for both universality classes
(J =0 and J # 0) behaves in the same manner in the deep insulating regime.

Finally in figure 5.15, we show the third cumulant of log g as a function of the first one. The
linear behavior for each value of magnetic disorder in the deep insulating regime ({logg) < —5)
is in agreement with the single parameter scaling. We find that contrary to the second cumulant
the coefficient of proportionality between the skewness and the average depends on the symmetry
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Figure 5.15: Plot of the skewness of log g as a function of the mean for the orthogonal and unitary
case.

of disorder, which denotes a lack of super-universality concerning this cumulant. For instance
dots and diamonds ( which correspond to the case J = 0) have the same behavior, but it is not
the case compared to squares or triangles (J = 0.2). We remark the strange behavior of the
third cumulant for J = 0.2 and L, = 10, which seems to be in contradiction with a Log-normal
statistical distribution. To clear up this point a further analysis, that is currently performed, is
needed. For instance, more statistics are needed to study the third cumulant in detail (see also
the discussion on the third cumulant in the metallic regime).

The study of cumulants of the distribution of log g confirm the single parameter scaling of the
distribution, with a slight discrepancy concerning the value of the coefficient of proportionality
between second and first cumulant. Moreover, super-universality has been highlighted concerning
the second cumulant but is not confirmed by the study of the third cumulant. Nevertheless, the
curve (d) of figure 5.10 indicates that the total distribution possesses this super-universality
as the influence of the third cumulant on the curve is moderate (it tends to zero in the deep
insulating regime as the distribution becomes Log-normal).

5.3 The Universal metallic regime

We now focus on the universal metallic regime described by weak localization. By definition weak
localization corresponds to metallic diffusion, expected for lengths of wire [, < L, < £. For this
regime to be reached, we thus need to increase the number of transverse modes L, and thus &
for all other parameters fixed (see (5.10)). Moreover, for a fixed geometry, this regime will be
easier to reach in the GUE class than in the GOE. The preceding study describes with precision
the entrance in the localized regime. As we saw it in section 4, Fig. 5.10, the shape of the PDF
of conductance is almost gaussian. In the following we will study the different cumulants of the
conductance.
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5.3.1 Universal Conductance Fluctuations (UCF): obtaining L,,

At first the study of the second cumulant (the variance) of the distribution of conductance is
performed as it has a purely quantum origin: at the classical level, the conductance does not
show any fluctuation (se Appendix A, section A.1). It allows a determination of the magnetic
dephasing length L.,. Moreover we exhibit a universal regime where the fluctuations do not
depend on geometry any more.

Fluctuations of conductance: analytical reminder

In the metallic regime, it is possible to find an expression for the fluctuations of conductance in
the presence of magnetic impurities as a function of the longitudinal length, see [86, 138] and
section 3.2.3. The expression is recalled hereafter:

(0g%) = (%) = in(O)Jr%Fz <w %)

+ EFQ (:cﬁ) + iFQ (:C\/g) ,

where = L, /Ly, and the scaling function Fy(x) is given by [86, 139] and equation (3.25). See
section 3.2.3 for a few details on the calculation of these fluctuations, and the expression of this
function and figure 3.14 for a plot. We conclude that (¢?). — F» (0) = 7= when 2 — co. In this
regime the fluctuations of conductance are constant. A similar study in the case of non-magnetic
impurities (GOE) exhibits also a universal regime with (g?). = %. Due to our convention (the
spin degeneracy s is included in the definition of the quantum of conductance), it corresponds to

2
GH. =2 (%) . These values, known as the Universal Conductance Fluctuations (UCF) are

in full agreement with equation (3.15).

The Universal regimes

In figure 5.2, we have calibrated the direct correspondence between the average conductance and
the longitudinal length. As in the localized regime, we will then plot the cumulants of g as a
function of the first one, as shown in figure 5.16 for the variance. This plot shows that for a
suitable value of transverse length L, the system reaches a plateau in conductance fluctuations
whose value depends on the symmetry of the system, in agreement with previous analytical re-
sults. Notice that the presence of the plateau depends strongly on the value of the transverse
length L,: for instance refer to the J = 0 curves (plain dots, squares and diamonds) of figure
5.16. It is easily understood as the localization length is a growing function of L,: if L, is too
small, the inequality I < L, < £ is never satisfied and the system enters the localized regime
before reaching the Universal regime. In the same way, equation (5.10) and figure 5.8 show that
for a given value of transverse length L,, the localization length is greater for GUE than for
GOE, which explains why the universal regime is more easily reached in presence of magnetic
impurities. Figures 5.17 and 5.18 show that specific point more clearly. In these plots we show
conductance fluctuations as a function of longitudinal size L, for J = 0 and J = 0.2 and for two
values of transverse length L,. On the first plot, for both values of magnetic disorder the uni-
versal plateau arises, whereas it does not appear for non magnetic impurities (J = 0) if L,, = 40.
In our study, values of UCF are reached with a maximal error of 1% for GOE and 3% for GUE
with respect to the analytical value of the UCF in the regime independent of (g) (i.e with much
higher precision than e.g [131] or [140]). In the first article the authors using the transfer matrix
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Figure 5.16: Plot of the variance of g as a function of the mean for the orthogonal and unitary cases,
for different width of the wire and different values of magnetic disorder. The Universal Value of the
fluctuations of conductance is plotted for GOE (plain line) and for GUE (dotted line).

and RMT found that their value of Universal Conductance Fluctuations in a Spin Glass is given
with an error of almost 20% compared to the analytical value. Notice that this numerical study
is done in two dimension and not in quasi one dimensional wires. In the second article, using
a two-dimensional binding system coupled to a three dimensional Edwards-Anderson Ising spin
glass, UCF in GOE are found with an error of approximately 10% with the quasi 1d scheduled
value. In all cases the error is calculated exactly in the same way, and is just the relative distance
between the obtained and the analytical values of UCF. To our knowledge it consists in the most
accurate numerical determination of the UCF. In many studies, plots showing two or three points
around the analytical plateau are called UCF. In the previous paragraphs we prove that it is not
so easy to reach them, because of &.

Our numerical study accounts well for the universal regimes where fluctuations of conductance
are independent of the length L, of the wire. According to the section 5.1.3, the experimental
regime of interest is the one for which the length of the wire is of order of the magnetic length.
In this non-universal regime, the fluctuations of conductance will necessary depend on the length
of the wire as (¢%). = 2/15 if L, < L, and (¢g?). = 1/15 if L, > L,,. The question that
immediately arises is the following: are we able to characterize numerically this non universal
dependence? At this point we remind the reader that the answer to this question in the localized
regime concerning the non universal dependence of the localization length with the width of the
wire was negative.

Fit of the fluctuations of conductance

In figure 5.19, the fluctuations of conductance are plotted as a function of longitudinal length.
The numerical data are fitted with equation (3.24), as the only free parameter is the magnetic
length. From each fit, one extracts L, (J). One also notices from equation (3.24) the scaling form
of the fluctuations of conductance. It then appears natural to plot the variance of conductance as
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Figure 5.17: Second cumulant of g as a function of longitudinal length. Dots represent data for J =0
and squares for J = 0.2. The value of UCF is shown in each symmetry class (with or without magnetic
disorder). UCF regime is reached in both cases.

a function of L, /L,(J), as shown in figure 5.20. The agreement between theory and numerical
calculations is good. The difference between theory and numerics for small longitudinal lengths
in figures 5.19 and 5.20 lies in the fact that the analytical formulae are valid in the limit of quasi
one dimensional systems, which may not be reached for L, ~ 400 and L, = 40.

This study of the variance of the conductance in the metallic regime allows to determine
accurately the universal regime (for which the fluctuations are constant) and the non universal
one dimensional diffusive regime, which is the regime of experimental interest. This regime will
be used in the next chapter to study correlations of conductance. Before that, there remains some
uncertainty concerning the magnetic length L,,: how can we compare it to theoretical expression?
To answer this question, we go on to the study of the other cumulants of the conductance and
first we focus on the mean value.

5.3.2 The average conductance: determination of L,,(J)

Coming back to chapter 3, the probability of diffusion from 7 to 7 during time ¢ has a classical
and a quantum term, which leads to a quantum and a classical part for the average conductance.
Up to now, we have performed extensive studies of the quantum contribution to the variance.
We have shown in particular that its behavior is based on the new diffusion length: L,,. For a
quasi one dimensional wire, it is possible to derive the quantum corrections for the conductance,
see [86, 141] and Appendix A, section A.3:

Sgwr =Y i VL . (5.12)

2 2
S\ () ()

We now study the classical part of the conductance, defined as:

Gclass = <g> - 5gWL- (513)
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Figure 5.18: Second cumulant of g as a function of longitudinal length. Dots represent data for J =0
and squares for J = 0.2. The value of UCF is shown in each symmetry class (with or without magnetic
disorder. UCF regime is reached in the case of magnetic impurities but not for scalar impurities.

This classical conductance depends on J and L, and not on L,, as this length is related to
quantum transport (the weak localization term dgwr,).

The classical conductance, function of the longitudinal length

Classically, the evolution of conductance with the longitudinal length for a one dimensional
system is of the form: ,

9(L) = 7
where o is called the conductivity. On figure 5.21 we plot the classical conductance as a function
of L, and from a single parameter fit using equation (5.14) one can determine the conductivity
for each value of magnetic disorder. One easily sees that the agreement between theory and
numerical calculations is not very good.

The development of mesoscopic physics and of conductance measurements raised this previous
problem: the measurement of a ballistic resistance with two leads does not vanish. Every physicist
has already measured the resistance of an electronic compound. To do so, the current that goes
through the corresponding device is measured by plugging an ammeter? inside the circuit. The
potential difference is measured by using a voltmeter in parallel. This suggests that a good
measure of resistance requires four terminals. In the present study of coherent transport in a
spin glass, only two terminals are considered. One then needs to add a contact resistance [142].
This new resistance comes from the use of only two terminals to measure both the current and
the voltage. Adding this contact resistance® has the following effect on the relation between the
conductance and the conductivity:

(5.14)

1
gclass(J7 Lz) =1 . L. - (515)

T, T oo

4or a galvanometer.

5also called the Sharvin resistance.
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Figure 5.19: Plot of the variance of the conductance as a function of longitudinal length for L, = 40
and different values of magnetic disorder. Plain lines are analytical fits from equation (3.24). The value
of Ly for each value of J is then extracted. The dotted line represents the universal value of fluctuations
of conductance in GUE.

Using this new expression for the conductance it is possible to fit again the numerical data. The
results are shown in figure 5.22. The agreement is now very good, and the conductivity can be
extracted with no difficulty.
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Figure 5.20: Plot of the variance of the conductance as a function of the scaling variable x = Ly /Ly,
for Ly = 40 and different values of magnetic disorder. All numerical points of figure 5.19 collapse on
one scaling curve given by equation (3.24).

Important:
it is essential to understand that the two terminal behavior lies in the equation we used to
link the transmission probabilities T, and the conductance. We found (see section 4.2)

9= Tmen. (5.16)

Consider the case of a perfect metal (with no impurity). We envisage that the conductance di-
verges as the occurrence of a non vanishing resistance is due to impurities. Without impurities,
each transmission probability goes to 1, but the corresponding conductance, equation (5.16)
does not diverge in that limit. In a four terminal setup, the link between the transmission
probabilities and the conductance is given by:

Zm n Tm<—n
g=——1r——, (5.17)
Zm,n(R"“—n)
where R, are reflection amplitudes. For each value of n, we have: > Ty, p, = 1—

> m Rm—n. The resulting conductance diverges when all transmission probabilities ), Ty p
are equal to one (or all reflection coefficients ) = R,,—, vanish), and the conductance reads:

Zm,n Tm%n

The difference between both definitions of the conductance is the contact conductance (it is
the inverse of the contact resistance).
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Figure 5.21: Plot of the classical part of the conductance (dots, squares,...) and analytical fits using
the result in one dimension: g(Lz) = o/Ls. The agreement between numerical data and theory is not
good.

The classical conductivity

For each value of magnetic disorder, the classical conductivity is extracted. One can then try to
plot that conductivity as a function of magnetic disorder and compare it to theoretical predic-
tions. The Einstein relation links the conductivity to the diffusion coefficient D and the density
of state at the Fermi level po(ep):

o0 = se’po(er)D. (5.19)

s is the spin degeneracy. By definition, in the case of non magnetic impurities, the diffusion
coefficient reads:

D = vi1,, (5.20)

with vp the Fermi velocity and 7. the elastic scattering time. It is related to the scalar disorder
by:
1

= — 5.21
Te 27Tp0niv§’ ( )

where n; is the impurity density and v3 = W?/12 is the variance of the distribution of scalar
disorder. In the presence of magnetic impurities, another diffusive process is to be taken into
account: the spin diffusion characterized by a length L,, and a time 7, = L2, /D. The Matthiesen
rule explains how the scattering time 7. must be modified for two diffusive processes:

1 1 1
— - = —. (5.22)

Te Te Tm

More accurately the scattering time 7, is directly related to the magnetic disorder, at the second
order in J, see [102]:
1

s — 2
21 pon; J2{S?) (5:23)

Tm
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Figure 5.22: Plot of the classical part of the conductance (dots, squares,...) and analytical fits using
the contact resistance. The agreement between numerical data and theory is now good.

Collecting all these results, one can deduce the magnetic disorder behavior of the classical con-
ductivity:
(s} J=0
oo() = 2 =0) (5.24)
1+ W‘]
In figure 5.23 we compare this previous equation with numerical evaluation of the conductivity
(there are no free parameter here). The relatively good agreement between both curves ensures
a good understanding of the physics of the transport in materials with magnetic impurities.

Fit of L,,(J)
This allows one to give an expression to second order in J for the magnetic dephasing length:
1

Ww?2 ']2.
AV vy

On figure 5.24 we plot numerical evaluation of the magnetic length as a function of magnetic
disorder and we fit these values with the preceding function. The agreement is good. In that
figure, error bars on the magnetic length are present but are contained in the width of dots.
These error bars were found by using formula (3.24) on a plot of conductance fluctuations for a
given J. Beginning with small values, L,, is increased until the fit is relatively good. This gives
L°%(J). In a similar way, beginning with a large value, L,, is decreased to reach a suitable fit,
we determine LIP(.J). These two values are defined as the lower and upper bound of error bars
on L,, respectively. This algorithm is applied for all values of magnetic disorder. In figure 5.24,
the coefficient of proportionality is the only fitting parameter and equal to 6.07 for numerical
data extracted from the study of conductance fluctuations, and is equal to 5.61 for numerical
data extracted from conductance correlations for two different spin configurations. See section
6.3.2 for a more accurate description of the second determination of L,,.

The agreement between the numerical data and the expression for L,,(J) is good, it ends
the complete characterization of the quantum corrections to the conductance. The last point

Lon(J) = /D) (J) (5.25)
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Figure 5.23: FEvolution of conductivity with magnetic disorder. Dots are numerical data. Plain line
is the theory given by FEinstein relation and Matthiesen rule for the conductivity. Agreement is good
especially at low magnetic disorder.
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Figure 5.24: FEwvolution of magnetic dephasing length with magnetic disorder. Dots are numerical
data extracted from the study of UCF and diamonds are numerical data extracted from the study of
conductance correlations for two different spin configurations. Plain and dotted lines are analytical fits
from perturbation theory at second order in J. Error bars are smaller than dots and diamonds sizes.

that has still not been debated is the Gaussian shape of the distribution of conductance that we
expect. To study it, we focus on the third cumulant of the distribution.
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5.3.3 The third cumulant: Gaussian distributions?

According to the analytical study of [132], this cumulant decays to zero in a universal way as
(g) increases. Here in figure 5.26 we find a dependance of this decrease on the symmetry class:
for GOE (g3). goes to zero in a monotonous way whereas it decreases, changes its sign and then
goes to zero in GUE case. For (g) > 4 numerical errors are dominant, then this part of the
curve is irrelevant. Moreover, for GUE this decrease seems to be universal whereas it depends
on the transverse length for GOE. On figure 5.25, is represented the convergence of the skewness
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Figure 5.25: Plot of (¢%)c as a function of (g) in the metallic regime, averages are performed with
an increasing number of configurations Nges. Convergence curves are shown for Ly = 10 and J =0 or
J =0.2.

when increasing the number of configurations used to perform averages Nges for both GOE and
GUE. Plots show a good enough convergence of averages to conclude that the third cumulant
of conductance is not zero for all values of (g). Notice that the maximal number of averages is
50 000. Moreover this fast vanishing of the third cumulant confirms the faster convergence of the
whole distribution towards the gaussian, compared to what happens in the insulating regime.
Based on our numerical results, we cannot confirm nor refute the expected law (g3). oc 1/(g)",
with n = 2 in GOE and n = 3 in GUE [98, 143].

5.3.4 The ergodic hypothesis

In this section we study the statistical distribution of conductance with respect to the scalar
disorder. In chapter 2 and 3, we have seen that experimental measurements of conductance are
performed by applying a magnetic field (magneto resistances or conductances are measured). To
compare theoretical and experimental results, we invoked the ergodic hypothesis. The goal of
this section is to study numerically the validity of this ergodic hypothesis (see sections 3.2.1 and
6.1.3).

We consider the conductance as a function of two variables: the disorder configuration V' and
the magnetic flux® ¢ through the sample. ¢ is expressed in units of the quantum flux ¢o = h/e.

6the magnetic flux is defined by ¢ = B/, where ¥ is the surface of the sample.
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Figure 5.26: Plot of (¢®)c as a function of (g) in the metallic regime.

The conductance fluctuates in terms of both the scalar disorder and the magnetic flux [91], we will
then compare statistical distributions of conductance sampled either over disorder or magnetic
field and compare them.

Notations

We remind the reader that averages over the total number of scalar disorder configurations is
denoted by (). Disorder averages over a smaller number of configurations (denoted Vijax) is
defined by:

Vimax
(9 () = o > 9(Vi ). (5.26)
max y—1

Averages over the total number of magnetic fluxes are denoted with strait brackets [-] as follows:

Ng

[g(V) = N%b S gV o), (5.27)

¢=1

where ¢ is the flux of the magnetic field. Averages over partial numbers of magnetic fluxes are
denoted by [¢]4,... as in equation (5.26). In practice we sample the conductance of a system of
size 1600 x 40 for J = 0.4 with 1600 disorder configurations and 1250 values of the magnetic flux
(¢ = 1 — 1250, in units of the quantum flux). Values of magnetic disorder and geometry are
chosen so that the system is in the UCF regime. As a statistical distribution is entirely determined
by its cumulants (irreducible moments) [144], we will study the average (first cumulant), the
variance (second cumulant) and the skewness (third cumulant) separately. Higher cumulants are
denoted in a similar way: for instance the variance of the conductance over scalar disorder for
Vinax configurations is written as:

(%)Y, (5.28)

C

We remark that this cumulant still depends on ¢, as the conductance is now a function of two
variables.
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Cumulants over disorder

We first focus on cumulants with averages over disorder. We plot each partial cumulant (g")Ymex
as a function of Vi, .y, for different values of magnetic flux. We also plot on the same figure the
crossed average:

[(g")Ymax]  for n=1-—3, (5.29)

which is the mean value over magnetic field [-] of the cumulant of order n with respect to scalar
disorder. We also define error bars as the following mean square root:

errory ((g") ) = i% (1o = Vi) | (530)

Figure 5.27 shows the results we obtained. Note that concerning the second cumulant, we find
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Figure 5.27: Study of the fluctuations with magnetic flux of the first cumulants with respect to disorder.
Error bars are defined in equation (5.30).

the expected universal value of 1/15 ~ 0.067.

Cumulants over magnetic flux
The study here is highly similar to the previous one provided that:
G e [
VII]B.X — ¢maX

and we find the results of figure 5.28, which have essentially the same shape as figure 5.27.
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Figure 5.28: Study of the fluctuations with disorder of the first cumulants with respect to magnetic fluz.
Error bars are defined similarly to equation (5.30).

Comparison: the ergodicity issue

In this section, we compare residual fluctuations of the different cumulants. In the last section,
we have shown that, for each cumulant, the quantities of interest are (g")¥Ym><(¢) on the one
hand and [g"]%m=x(V') on the other hand, where n goes from 1 to 3. Each of these objects have
therefore a statistical distribution with respect to the magnetic flux ¢ and the scalar disorder
respectively. For n = 1, we compare in figure 5.29, the mean value and the root mean square
variation (see equation (5.30)) of (g)Vmax(¢) and [g]?m=<(V). It appears that these quantities
have the same mean value but different second cumulant.

On the contrary, for n = 2 and n = 3, the statistical distributions of respectively (g")Ymax(¢)
and [g"]%max (V) are equal (figures 5.30 and 5.31). We note also that the expected UCF value is
reached in figure 5.30, and that the evolution of figure 5.31 illustrates that conductance distri-
butions are gaussians.

To conclude on the ergodicity hypothesis, the quantities (g")Ymax(¢) and [¢g"]%m=x(V') are sim-
ilar for n = 2 or 3, for these cumulants the ergodic hypothesis holds, which is not the case for
the average value, in agreement with [145]. However, we showed that the quantities (g)(¢) on
the one side and [g](V') on the other side have a Gaussian statistical distribution with respect to
magnetic flux and scalar disorder respectively. These distributions have the same average value:

[(g)] = ([g]), but a different variance: |((g) — [<g>])2} ” <([g] - ([g]>)2>, which is an original

result on the ergodicity issue in mesoscopic conductors. In the following, all our theoretical anal-
ysis of conductance correlations will be performed with averages over scalar disorder V = {v;};,
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(the error functions as defined in equation (5.30)) are plotted in the main figure.
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Figure 5.30: Study of the statistical distributions of the variance [g*]™=(V) and (g*)¥™e=(¢) with
respect to respectively V and ¢. In inset is plotted the mean value of these distributions and the variances
(the error functions as defined in equation (5.30)) are plotted in the main figure.

no magnetic field will be applied any more.

Important: in chapter one we mentioned that, following the hierarchical vision of a spin
glass, the system is trapped in an ergodic component of the phase space (one energy valley), and
that the ergodicity is broken in the low temperature spin glass phase. This ergodicity deals with
the ability for the system to reach all possible states in the energy landscape. It is broken in
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respect to respectively V and ¢. In inset is plotted the mean value of these distributions and the variances
(the error functions as defined in equation (5.30)) are plotted in the main figure.

a spin glass since the energy barriers are diverging at low temperature with no hope to escape
them. In this chapter, the ergodic hypothesis can be applied to all conductors and not only to
metallic spin glasses. It deals with the ability of the system to reach similar states in the energy
landscape by changing the scalar disorder or the magnetic field of the system. These two types
of ergodicity issues are different.

5.4 Conclusion

In this chapter, we have performed an extensive study of the universal properties of coherent
transport in the presence of magnetic frozen impurities in both the metallic and the localized
regimes. Comparing and extending previous analytical and numerical studies, we have identified
the insulating and metallic regimes described by the universality classes GOE and GUE. We
have paid special attention to the dependance on this symmetry of cumulants of the distribution
of conductance in both metallic and insulating universal regimes. In particular, we have iden-
tified with high accuracy the domain of universal conductance fluctuations, and determined its
extension in the present model. This study also allowed us to characterize with high precision
the experimental regime of interest of non universal metallic diffusion, which will be useful for
the study of conductance correlations in the next chapter.
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6.1 Introduction

6.1.1 Back to Spin Glass physics

of matter (see chapter 1) as two competing theories claim to describe the ground and
excited spin states of a spin glass. One crucial tool to study experimentally the internal
spin state of a spin glass is the spin overlap (also called the spin configurations correlation), whose
definition is generalized here for classical Heisenberg spins (see equation (1.17) section 1.4.1):

Nimp

1 Sy
S8, (6.1)
=1

Q12 = Nimp

where Ny, represents the number of impurities in the sample, and S_’;(l’Q) are two different spin
configurations. In this chapter, the spin overlap is denoted ()12 and not Q%" to enforce that we
are dealing in this chapter with Heisenberg and not Ising spins. Notice again that the quantity
1 — Q12 defines a distance between spin configurations 1 and 2 (distance that is ultrametric [33]
at the mean field level). In the simpler case of Ising spins, 1 — Q%” simply counts the percentage
of spin flips that occurred between spin configurations o and ~.

A more intuitive way to understand the usefulness of the overlap is to imagine the following
experiments:

(i) First experiment: Consider a spin glass initially at high temperature (T; > Tsq), in
the paramagnetic phase. At time ¢ = 0, the spin glass is quenched to a temperature
Ty < Tsg, and imagine it is possible to take a "snapshot"! of the spin configuration. It is
spin configuration number 0. Configuration number i consists in taking a snapshot of the
spin state of the spin glass after waiting time ¢; = ¢ X tyy.

(ii) Second experiment: Start again from a spin glass in the paramagnetic phase, and make
successive quenching to temperature 7'y and heating to temperature 7;. Snapshot of the
spin configurations are taken after each quench of the system.

For each experiment, we end up with a set of spin configurations that are a priori different. As it
is experimentally illusory to get a direct imaging of the spin configuration, it is highly challenging
to be able to measure the spin overlap (J12, as it encodes how different the configurations are.
The knowledge of Q12 is crucial as it gives access to the evolution of the spins with time (i.e
aging properties of the sample) in the first experiment. In the second one, successive quenches of
the sample allow to sample the statistical distribution of overlaps, which is the order parameter
of the spin glass transition. Up to now, this quantity has not been measured experimentally and
we propose an original method to do it.

6.1.2 A qualitative approach

In the previous section, we imagined two experiments. In these experiments we also imagined
to take a snapshot of the spin configuration. We propose to use conductance measurements
(calculations) as a snapshot of the spin configuration, as we have already seen that in the coherent
regime the conductance is a fingerprint of the disorder encountered. More precisely, comparison

lwith snapshot we mean that we imagine a way to measure the spin configuration, and that measure takes a
time tezp negligible compared to the relaxation time of a spin glass (see section 1.3).
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of the conductance in each spin state gives access indirectly to the spin overlap. This section
is devoted to a qualitative analysis to show that conductance correlations, as defined below
(equation (6.2)) depend on the spin overlap Q12. We define the conductance correlation by:

(09 (V.ASV}) 6g (VA1) = (9 (Vi AS0}) 9 (VASE) e (6.2)

where dg = g — (g). As before, () represents average over scalar disorder V.

We showed in section 3.1 that the calculation of the quantum corrections to the averaged
conductance is based on the pairing of two electronic diffusion paths, which leads to two types
of diagrams, the Diffuson and the Cooperon. As shown in equation (6.2), the correlation of
conductance is a product of two conductances, each one calculated for the same scalar disorder
configurationV but for different spin configurations. The corresponding Diffuson and Cooperon
terms take the form:

Picx» A A (6.3)
c,c’ .
" spin config 1 spin config 2
Be aware that the terms
Pd,c X Z AC A(*f’ and
c,c’
> spin config 1 spin config 1

Pie x > A A (6.4)

’
¢.c spin config 2 spin config 2

only contribute to {g(V, {5’51’2)}1-))@(‘/, {§§1’2)}i)>, and not to the connected correlation (6.2).

These Diffuson and Cooperon terms have the same structure as in chapter 3 (but now each
electronic path encounters a different spin configuration). Moreover each Diffuson or Cooperon
term represents a pairing of spin 1/2, the natural basis to decompose the Diffuson and the
Cooperon is still the singlet-triplet base as shown in the calculation of the conductance fluctu-
ations in section 3.2.3. As previously said, the phase vanishes in the Diffuson term, it is not
sensitive to random magnetic fields (or equivalently frozen magnetic impurities). In a singlet
state the electrons have the same spin projection; this state is therefore not sensitive to a ran-
dom magnetic field (and only this state). Consequently, only the Diffuson/singlet term is not
sensitive to the frozen impurities if spin configurations are similar. The corresponding diffusion
length? L2-% is diverging®. The other lengths ( for the Diffuson/triplet, Cooperon/singlet and
Cooperon/triplet) never diverge. If configurations of frozen impurities are different in each path,
each electron of the Diffuson/singlet encounters a different spin landscape. These electrons will
decorrelate from each other. If spin configurations are almost similar, the decorrelation will be
moderate and then the value of the conductance correlations will be of the order of the con-
ductance fluctuations (almost identical configurations). If configurations are far away from each
other (Q12 = 0), the conductance will be maximally decorrelated.

To conclude on this qualitative part, we suggested that the correlations of conductance as
defined in equation (6.2) are indeed function of the overlap. In the following we study numerically
these correlations of conductance. Another useful remark is that the diffusion length L2-% plays
a crucial role as it is the only length that diverges in the case of similar configurations. We use
this fact in section 6.3.

2we associate a diffusion length to each of the four terms of equation (3.24): see below.
3This is the reason why we have a term F>(0) in equation (3.24) for the fluctuations of conductance.
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6.1.3 An experimental proposal

To measure experimentally correlations of conductance, we propose [138] the protocol plotted
in figure 6.1. At time ¢ = 0, the system at temperature 7/ > T, = Tsq. It is frozen to reach

Temperature, T

ﬂk

timet

Figure 6.1: Proposed experimental protocol to measure conductance correlations in a spin glass.

Texp < Tsg. We let then the system relax for some time (to be determined experimentally), to

obtain a "frozen" (at the experimental time scale) spin configuration {5_‘;(")} Afterwards, the
measurement of the magnetoconductance is performed in the spin glass frozen in configuration
{S;(n)} After the measurement, the temperature is increased again up to T’ > Tsg. After a
second waiting time at this temperature, the systems is frozen again to Ttyp. The spins freeze,
after a waiting time, in a configuration {§§"+1)}, and the measurement of the magnetoconduc-
tance is performed. This protocol is very close to the experiment (i7) we imagined in section
6.1.1, with magneto conductance measurements as the "snapshot" of the spin configuration.
Thanks to the ergodic hypothesis we described in section 3.2.1, the conductance measured with
an increasing magnetic field has the same effect as sampling the conductance distribution by
considering numerous configurations of scalar disorder. The correlations, as defined in equation
(6.2) are then reachable experimentally. These experiments are performed at Institut Louis Néel
in GRENOBLE by the Quantum Coherence group of L. Saminadayar and L. Lévy.

The study of the previous chapter is of great importance as we managed to characterize with
high accuracy the experimental accessible regime of non universal metallic diffusion. We use this
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extensive study to consider numerical systems that are in the experimentally relevant case in all
that follows.

6.2 Conductance correlations and random configurations

In the following we first study directly the statistical distribution (still as scalar disorder is varied)
of the difference of conductances, each one calculated with its own spin configuration and the
same realization of disorder V. We show that this comparison leads to the study of the previous
correlation. In a second time we come to the study of the correlation itself, as a function of
the overlap. To begin, the algorithm of creation of random spin configurations but with a finite
correlation (i.e with a non vanishing overlap between them) is described.

6.2.1 Random spin configurations

In this section we present how random configurations with a non vanishing correlation are built.
The constraint is to build up different spin configurations with random orientations but the
correlation Q12 must not vanish. A first spin configuration is created by choosing random ori-
entation for each impurity. These orientations are chosen independently from each other. Other
configurations are created by rotating of a random angle the spins of the first configuration with
a probability p < 1. This probability changes from one configuration to the other so that we end
up with a set of 24 configurations with mutual overlaps Q12 between 1073 and 1 (identical con-
figurations). The highest value of overlap for two different spin configurations is* Q12 = 0.9992.
Figure 6.2 represents schematically the initial spin configuration, another one created via the
previous algorithm, and the overlap between them, in the simpler case of Ising spins. Black
squares for the overlap represents the spin flips that occurred. This figure illustrates that both
spin configurations are random. Moreover spin flips occur uniformly in the whole sample, which
mimics a mean field-like spin excitation [33].

6.2.2 Probability distribution of g; — go

A first quantity to study is the probability density function of variation of conductance between
two different spin configurations. This quantity will be denoted by g1 (V') —g2(V) in the following.

0(V)=:(V) =g (V. {5V%) =g (v 1571) (6.5)

The averages are still performed over the scalar disorder V. In figure 6.3 we show that this
quantity can be well approximated by a gaussian which allows us to deal either with the brut
numerical data or with gaussian interpolations. Note that the statistical distributions of g1 — g2

are centered around zero: <g (V, {5_‘;(])}1)> = <g (V, {S‘;(k)}z)>V(], k). In detail, the variance
((91(V) = 92(V))?)e = (((91(V) = 92(V)) — (g1 — 92))?) is equal to:
((01(V) = g2(V)*)e = 2 ({91 2(V))e = (91(V)g2(V))e) , (6.6)

Hence it encodes the correlations between the two conductances as defined in equation (6.2).
The study of the variance of this distribution is then crucial to study how a change in Q12 affects
the conductance correlation. We plot the statistical distributions of g1(V') — g2(V) for different
couples of spin configurations leading to different values of spin correlations Q12. The results are
shown in figure 6.4. This curve shows that we are able to discriminate different spin correlations

4it corresponds, in the case of Ising spins to about 26 spin flips between both configurations, each containing
64 000 spins.
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Figure 6.2: Schematic view of two random configurations, and of the corresponding overlap. In the two
plots on the left, black (respectively white) squares represent a positive (resp. megative) projection of the
spin along the z—axis (azis perpendicular to the sample), and on the right black (resp. white) squares
represent a positive (resp. negative) result to the scalar product 5';.(1) . §f2).
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Figure 6.3: Probability density function of the difference of conductances, each calculated for one spin
configuration. Q12 = 0.9100, J = 0.1, L, = 1600 and L, = 40. Awverages performed over N = 5000
realizations of scalar disorder.

between two configurations with the help of conductance correlations. The statistical distribution
of g1 — g2 is sensitive to changes in (Q12. One immediately remarks that the sensitivity is very
high when Q12 is close to 1.

Note that the probability P(g1 — g2 ~ 0) is found on figure 6.4 to be highly sensitive on
small departures from @12 = 1. This is easily understood by using a Gaussian approximation
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Figure 6.4: Probability Density Function of g1 — g2 where g is the dimensionless conductance calculated
for spin configuration k. Plain curves are Gaussian interpolation of numerical data.

of P(g1 — g2 ~ 0). The probability of similar conductances then reads P(0) = 1/v2no with
o =2(((09)*)v — (691992)v)-

The last question concerning the distribution of g; — g2 is the following: does the conductance
correlation depend only on @12 or does it also depend on each spin configuration? To answer
this question we propose to plot the distribution of g; — go for different configurations but with
the constraint that the spin correlation is similar for each couple of configurations. The result is
plotted on figure 6.5. This figure shows clearly that a same value of Q12 ~ 0.91 (dots, squares,
diamonds and down triangles) leads to a same value of conductance correlation, and if we have
a different spin correlation (up triangles), the distribution is different.

6.2.3 Conductance correlations, function of overlap
Theory

To deduce analytically the conductance correlations as a function of the spin overlap, the method
is the same as what is described for the fluctuations of conductance at section 3.2.3. The difference
lies in the fact that the spin rotation operators R; are now different as each electron encounters
its own spin configuration. Equation (3.20) is modified as:

Qu(t) = > (s¢|BY[s0) (s [RV [s0) = Y (sl (RU) s ) (5| R |s0). (6.7)
Sf:i Sf:i

where Rgi) is the rotation matrix with respect to the spin configuration number i. We end up
with the following expression for the correlations [138]:

(091(V)dg2(V)) = ZF2 (W) + ZF2 (W) + ZF2 (W) + ZF2 (W) ) (6.8)

m m m
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Figure 6.5: Probability Density Function of g1 — g2 for comparable overlap Q12 = 0.91 (dots, squares,
diamonds and down-pointing triangles). The up-pointing triangles represent two spin configurations with
a different overlap: Q12 =~ 0.98. Plain and dotted lines are the gaussian interpolations for the respective
value of Q2.

where dg;(V) and g¢;(V) are defined in the previous section. In the case of random excitations,
explicit expressions for the diffusion lengths are derived:

DS — Ly,
" V1= Q12
DT _ Ly,
" 14+ Q12/3
1CS Lm
" V1+ Q2
LoT = N — (6.9)
1—-Q12/3

The function F5 is defined in section 3.2.3.

Numerical results

The conductance correlation is plotted (figure 6.6) for each pair of spin configurations as a func-
tion of the spin correlation @12, and for different values of magnetic disorder J. The number
of different spin configurations used for this study is 24. On these plots the correlation between
spin configurations decreases from the left part to the right part (i.e from Q12 = 1 to 0) as we
anticipated in section 6.1.2: the decorrelation between the conductances is larger if Q12 tends to
zero (very different spin configurations). We also notice that the longer the sample, the larger
the decorrelation of conductance: if the sample is longer, electrons diffuse on more impurities,
the resulting dephasing is larger, and the corresponding correlation of conductance is smaller.
The results presented in that figure consist in some of the key results of this study. For all
values of magnetic disorder J there is a unique value of overlap that corresponds to a given value
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Figure 6.6: Evolution of the conductance correlations, equation (6.2) as a function of overlap, in a
semi-logarithmic scale. Different curves in the same plot correspond to different values of the longitudinal
length L. Different figures correspond to different values of magnetic disorder J. The correlations of
conductance are normalized by their value at Q12 = 1.

of conductance correlation, and these plots validate the use of conductance correlations to have
indirect access to the spin overlap of a spin glass.

The comparison of numerical calculations with the theoretical expression of equation (6.8) is
given in figure 6.7. It appears that theory and numerical data are in good agreement. Note that
theory is plotted with no free parameter as the magnetic length L,, has been determined with
the study of the fluctuations of conductance, function of longitudinal length (section 5.3.1).

6.3 Spatially correlated spin excitations

In the previous study, we built spin configurations with random orientations between them as
shown on figure 6.2. In this section we push our analysis further with the introduction of spatial
correlations in the spin rotations.
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Figure 6.7: FEuvolution of the conductance correlations, equation (6.2) as a function of overlap, in a
semi-logarithmic scale, for a 1600 x 40 sample and J = 0.1. Numerical results are compared with theory.

6.3.1 Creating spatially correlated spin configurations
Bounded box reversal

In the droplet theory [28], two different spin configurations differ by the reversal of all spins inside
a bounded area of the sample (a droplet). To mimic this behavior® (as opposed to the previous
mean field like excitations), we use the following algorithm to create new configurations. First
we choose an initial random configuration and a value of overlap (@12 = 0.9 in practice). The
value of overlap imposes the number of spin flips occurring in the sample, denoted by Nyiips.
We then consider a box in the sample containing N¢;,s spins and we reverse almost all of them
to create a first excited configuration. A second one is created by considering a box twice bigger
and reversing half the spins in it, and so on until the box reaches the size of the sample®. Figure
6.8 shows both configurations and the overlap between them in the simpler case of Ising spins.
As in the mean field case both configurations are random, but now spin flips occur preferentially
in a bounded area of the sample. We allowed some spin flips outside the box, diminishing the
number of flips inside the box (the total number of spin flips being fixed by the overlap) for a
more realistic description of the excitation.

Spin Wave excitation

Another possible type of excitations in a Heisenberg spin glass consists in applying a spin wave
to the sample. This corresponds to even stronger spatial correlations of the excitations. We first
consider the same initial configuration as before, and we choose a value of overlap. The excited
configuration is created by rotating all spins with the angle ¢ = xd¢q along the z-axis, which is
perpendicular to the sample. x is an integer that goes from 1 for the first row of the system to
L, for the last one. The value of d¢q is determined by the overlap chosen, and is closely related

5we do not claim that we model real spin excitations that occur according to the droplet theory.
6the width wp,, of all boxes is equal to Ly, the width of the sample. The length of each box is varied to
produce the adequate excitation.
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Figure 6.8: Schematic view of two random configurations, and of the overlap in the case of bounded
excitations. For the overlap, black squares represent spin flips between both configurations.

to the spatial period of the Spin Wave. In figure 6.9 we plot the value of the overlap as a function
of the period of the Spin Wave, to calibrate the Spin Wave.
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Figure 6.9: FEvolution of the overlap as a function of the period of the Spin Wave in units of lattice
spacing. The sample has L, = 1600 and L, = 40.
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6.3.2 Random versus spatially correlated spin configurations

The study of the influence of the spatial correlations is performed at constant overlap, it is then
impossible to draw curves of the type of 6.6. Moreover, no analytical expression such as equation
(6.9) for the diffusion lengths is available for non mean field excitations. Hence we study the
influence of spatial correlations through the behavior of these diffusion lengths as a function of
the magnetic length L,,, for different values of magnetic disorder J.

Reduction of the number of parameters

In section 6.1.2, we have qualitatively shown that L2+ is the only diffusion length that diverges

for Q12 = 1 and that is finite for Q12 # 1. Hence near Q1o = 1, this length dominates the
behavior of the correlations. To show this, we define the difference:

Acorr(J,Q12) = (g5 2(V))e — (691 (V)dg2(V)). (6.10)

This equation quantifies the variation of conductance correlations from Q12 = 1 to Q12 < 1.
In figure 6.10, we plot this function for mean field like excitations (i.e using formulae (6.8) and
(6.9)) in two cases: if all diffusion lengths are taken into account, or if only the Diffuson/singlet
term is considered. Near the value Q)12 = 1, this shows that it is justified to reduce the number of
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Figure 6.10: Evolution of the function Acorr (equation (6.10)) as a function of Qi2. The dashed line is
plotted by considering the four terms of equation (6.8) and the plain line is plotted by taking into account
only the Diffuson/singlet term.

parameters and to consider only the Diffuson/singlet term. See also [146] for a non-linear sigma
model study.

Numerical results

The function defined in equation (6.10) depends on Q2 but also on the longitudinal length of
the system. It is then possible, as we did before for the UCF, to plot Acorr as a function of
longitudinal length and to fit the numerical data with theory (equation (6.8)). The fit parameter
gives access directly to L2S: see figure 6.11 for the random configurations case. It allows a
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determination of LZ-S for the bounded as well as the Spin Wave excitations for different values
of the magnetic disorder (i.e for different values of the magnetic length L,,).

Back to the magnetic length.

In section 5.3.2 we plotted the evolution of the magnetic length as a function of J (figure 5.21).
On this curve we mentioned two different determinations of the magnetic length. The first one
was a direct fit of the UCF curve as explained above. The second determination comes from
the determination of L2 and the application of the relation L2 = L,,/\/T — Q12. These
two methods give comparable results.
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Figure 6.11: Scaling evolution of the function Acorr (equation (6.10)) as a function of Lx/L,,DI’S for
different values of overlap. In inset the fits of Acorr as a function of Ly are shown. Different curves
correspond to different values of overlap. The magnetic disorder is set to 0.1.

The left curve of figure 6.12 gives the evolution of the dephasing rate for the Diffuson/singlet
(1/LE-5)? as a function of the dephasing rate for electrons (1/L,,)? for random, bounded and
Spin Wave excitations. 1/L2?, is also a growing function of magnetic disorder J (see section
5.3.2). This plot shows that the Diffuson/singlet dephasing rate is proportional to the electron
one as expected (blue dots), in the case of uniform configurations (mean field like). For spatially
correlated configurations, the behavior is completely different, the Diffuson/singlet rate is a non-
linear function of (1/L,,)?. The more correlated the configurations, the stronger the effect, as
(1/L2-5)? is almost constant in the case of Spin Wave excitations.

The right curve of figure 6.12 shows the evolution of the same quantities, for a different value
of overlap and only for random and Spin Wave excitations for two different values of spatial
period leading to the same value of overlap (see figure 6.9). The same conclusion applies.
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Figure 6.12: Left figure : evolution of the Diffuson/singlet dephasing rate (1/L$;S)2 as a function of
the electronic dephasing rate (1/Lm)? for mean-field like, spin wave (dash dot), and bozed excitations.
The overlap is 0.9 for all of them. The linear dependance corresponds to the analytical expression
(1/L55)? = (1 — Q12)/(L%,), valid in the absence of spatial correlations between the spin states. These
results show a clear deviation from this behavior for strong spatial correlations, and the absence of any
effective overlap. Right figure : same evolution for random configurations and for spin wave with two
different spatial periods corresponding to the same overlap (Q12 = 0.54). The stronger correlation (longer
period) corresponds to the larger deviation from the linear law.

Conclusion

In this part we validate the use of coherent transport as a probe of the spin state of a spin glass,
as we managed to show that the difference between conductance distributions for each spin con-
figurations is characteristic of the corresponding value of the overlap between the configurations.
the route towards the experimental measurement of the overlap is open. Moreover we highlight
at the end of this study a useful tool that discriminates between spatially correlated and spa-
tially non correlated spin configurations. We now discuss the experimental studies in relation
with these theoretical results and we show preliminary experimental results on measurements of
conductance correlations.
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6.4 Link with experiments

The experimental measurements of the conductance correlations in a Spin Glass nanowire are
performed at the Institut Louis Néel in Grenoble (FRANCE) in the Quantum Coherence
group lead by L. Saminadayar and L. Lévy. In figure 6.13 is a figure of one the experimental
setup they use in that purpose. The experimental protocol followed is the one we presented in
section 6.1.3.

e

I

Figure 6.13: View of an experimental Spin Glass nanowire, between the reservoirs denoted with +1 and
—1I. The total length of the wire is approzimately lum (~ Ly ). The width of the wire is w = 50nm and
the thickness is t = 40nm. The presence of electrodes along the wire allows to measure the conductance
for different longitudinal lengths.

In figure 6.14, we present preliminary results of this work. The left curves of this figure are
magnetoresistance measurements on the wire presented in figure 6.13, which is constituted of
pure Ag. A first magneto fingerprint is made at low temperature Ty (in practice, Ty &~ 500mK),
then the system is heated up to 77 = 15K during 15h. After waiting at high temperature, the
wire is cooled down again at temperature T, and a second magneto fingerprint is made. The
correlation between both traces is almost 1.

If the wire considered is not pure Ag but a Spin Glass Ag:Mn, with 400 ppm of Mn, the
results are different: the system, initially at temperature T} below the spin glass temperature
T, is heated up at temperature 7] = 207, during 15min, and is then cooled down to Tj. As
previously, magneto conductance traces are measured at temperature Tj), before and after the
heating. At that time, the correlation between both traces decreases to almost 20%. Notice that
on the right part of the figure, both traces are vertically shifted for clarity. The conclusion of
this preliminary study is that it is possible to decorrelate traces only by introducing magnetic
impurities (the only difference between the results presented in the left and in the right part of
figure 6.14 is the presence of magnetic impurities on the right).
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Figure 6.14: Experimental results of magnetoresistance measurements, for a wire of pure Ag (left
curves) and Ag:Mn (right curves) with Mn at a concentration of 400 ppm (parts per million).

To conclude on this chapter, we proved numerically that it is possible to use electronic
transport in the coherent regime to deduce crucial information on the spin overlap Q2. We
first showed that the statistical distribution of the difference of conductances calculated for the
same value of scalar disorder (same realization of disorder V'), but for two different realizations
of magnetic disorder (different orientations of the frozen spins of each impurity) depend only on
this spin overlap. Moreover, we quantized the decrease of the correlation when configurations are
more and more uncorrelated (i.e Q12 — 0). We also addressed the issue of the type of excitations,
showing that one diffusion length (L,%S ) is sensitive to it, which opens the possibility to imagine
a probe of the spatial correlations between two spin configurations. This theoretical study is
related to experimental measurements of magnetoconductance through the ergodic hypothesis,
whose validity was studied in the previous chapter, and preliminary results show that it is indeed
possible to decorrelate conductance traces only by adding magnetic impurities.
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7.1 Introduction: the quantum SK model

7.1.1 The quantum SK model

temperature spin glass phase at the mean field level for Ising spins, and the breaking
of the freezing of the spins due to thermal fluctuations (see equation (1.14)). One way
to take the quantum nature of the Ising spins into account consists in considering a quantum
generalization of the random p-spin spherical model following [147, 148, 149).

Another way to take the quantum tunneling of spins into account is to consider the SK model
in a transverse magnetic field. The advantage of this method lies in the fact that the intensity
of the quantum effects is tunable via the intensity of the transverse magnetic field. In the next
chapter, we use this method to deduce semi-classical solutions of the quantum SK model in the
limit of a weak transverse magnetic field. The strength of quantum tunneling is denoted I' in
the following. At zero temperature, we envisage a quantum phase transition when the I' of the
quantum effects is varied: from a magnetically frozen state (a spin glass state) if ' < T'. to a
paramagnetic phase if I' > T'.. See [150] for a detailed study of quantum phase transitions and
section 7.2.2 for a brief introduction. If things are clear on the lines (7' = 0,T') and (7,T = 0),
the goal of this part is to study the competition between thermal and quantum effects.

7.1.2 The replica theory
Reminder of chapter 1

As introduced in section 1.4.1, the replica theory is useful in the study of spin glasses in particular.
Consider the more general case of a disordered system with a Hamiltonian that depends on a
random parameter J. Recall that in the case of the SK model, J represents the random (in
amplitude and in sign) coupling between the spins of impurities constituting the spin glass (see
equation (1.14)) due to RKKY or dipolar interactions for instance. To find the ground state of
such a system, the usual method consists in finding the minima of energy (or more precisely in
free energy as the temperature is fixed and finite!.). The physical quantity experimentally is the
free energy of the system, and more accurately its disorder average F'[J], as it is self-averaging.
Disorder averages are defined as follows:

F[J] = /DJP[J]F[J], (7.1)

where P[J] is the statistical distribution of the random parameter J. From now on, disorder
averages are denoted with an over line as in the previous equation, and not with (-) any more.
Usual statistical mechanics [12] tells us that the free energy is related to the Hamiltonian of the
system via its partition function Z[J]:

F[J] = —kpTlog Z[J], (7.2)

where kp is the Boltzmann constant and T is the temperature of the system. In section 1.4.1,
we showed that the logarithm can be written as the limit:

e — zZn
log Z[J] = lim L/

n—0 n

-1 (7.3)

lwe consider the canonic statistical ensemble.
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The so called replica trick consists in considering n as an integer and in interpreting Z"[J] as
the product of the partition function of n (non interacting) replicas of the system, all evaluated
for the same value of disorder parameter J:

ZMJ) = Zy[J] % Zo[J] % -+ % Zy|J], (7.4)

where Z,[J] is the partition function of replica a. To derive the "true" partition function, it is
necessary to take the limit n — 0.

Important:

one interpretation of the replica trick is the following: the partition function of the system
Z[J] is a random quantity that depends on the random J’s. It then has a given statistical
distribution #?[Z]. The calculation of the terms Z"[J] for integer n replaces the study of the
whole statistical distribution 4[Z] by the study of all the moments of the distribution.

To compare the different replicas of the system, we have introduced the spin overlap @Q*7 in
chapter 1, equation (1.17) (which is called Q12 in chapter 6, in the case of Heisenberg spins).
We discuss this quantity in the case of a non standard full RSB? Ansatz [151, 152|, as described
below. In this part, we define 3 as:

where kp is the Boltzmann constant.

Full RSB

Due to frustration, the ergodicity® of the phase space is broken [153], that is, the case where there
are very many stable (or metastable) states. We have seen in chapter 1, for temperatures below
Ty, a multi-valley picture for the free energy (see figure 1.14). This implies that the system
is trapped in one region of phase space with no hope to traverse the complete phase space.
A mean-field picture of spin glasses states the existence of a lot of these ergodic components
called metastable states with diverging energy barriers (the barriers between energy valleys are
diverging). Starting with two different replicas in the paramagnetic phase (i.e these replicas are
two different points in phase space), they can be found in two different metastable states when
lowering the temperature (in an ergodic system, they would be found at least in the same state,
at low temperature). From this simplistic view, we illustrate the origin of the breaking of the
symmetry of replicas (under permutation) as illustrated in figure 7.1.

Why do we use a non standard RSB scheme?

The Ansatz we describe here is non standard and is described in [151, 152]. This scheme of RSB
allows to deduce from the Hamiltonian the identical free energy functional that has been calcu-
lated from dynamical arguments by Sompolinsky [154]. We use this algorithm by analogy with
the classical case to deduce to deduce the low temperature solution of the SK model according
to [155]. Moreover, this scheme breaks the symmetry of the replica matrix in both diagonal and
off-diagonal blocks. The parameters r; (see below) are representatives of this breaking scheme.
These parameters were also introduced by Goldschmidt and Lai [156] for a one step RSB for

2Replica Symmetry Breaking.
3we remind the reader that in this part, the ergodicity describes the ability (or not) for the system to reach
all states in the phase space.
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Figure 7.1: Illustration of ergodicity breaking as in figure 1.14, and of the ansatz of replica symmetry
breaking. Two replicas are schematically represented by circles. T > Ty and T' < Ty.

an Ising spin glass in a transverse magnetic field. To compare our solutions with theirs, it was
obvious to use the De Dominici’s RSB scheme.

Q7 is a n x n matrix. In the symmetric case, all the coefficients, except on the diagonal,
are equal to ggpa. The algorithm to break the symmetry of replicas is recursive: consider step
0 of symmetry breaking. The replicas are regrouped in different groups of same size pg. The
membership in a group is characterized by an overlap between the constituting replicas equal to
qo- The overlap between replicas of different groups is equal to ry. By regrouping the replicas in
the overlap matrix, we end up with the following block matrix:

qgo | To | To
Q=1 r0]|q | o
To | To | 90

Here we have (n/pg)? groups of replicas, each constituted of pg replicas.
The first step of RSB consists in considering the gy matrices of size pg X py and to apply
the same algorithm as before. Each ¢y matrix reads then:

q1 | 90 | 90
(QO) Po — q0 | 1 | 90
qo | 90 | 1

In this matrix all blocks are of size p1 X p1 (p1 < po), and g1 > qo. We apply the same sequence
to the ro matrices (they are of size py X py t00):

™ | To | To
(ro)pe = | _ro | 71| 70
To|To | T
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This procedure is iterated K times on diagonal blocks (g;),, and (r;),, of size? p; for a K-step
RSB Ansatz. The successive sizes of matrices will be: pg > p; > .-+ > pg. At that time, the
limit pg > p1 > --- > pg — oo will be considered, and the number of steps of RSB will be
sent to infinity: K — oo. Consider a given step, denoted by ¢ (i € [1, K]). If we consider a full
RSB, the variable i/ K becomes continuous, is taken between 0 and 1 and is labeled with x. The
evolution from step ¢ to step ¢ + 1, becomes infinitely small and is labeled by éz. The quantity
@i — qi—1 will be equal to dg/dzdz at first order in dz. In the next chapter we will study the
influence of this procedure on the thermodynamic quantities of the quantum Ising spin glass.
The next section deals with the presentation of the model and the motivations of this work.

At this stage, notice that the use of a hierarchical algorithm is evident as the structure of
the free energy is also hierarchical, and that the variable = ¢/K that has just been defined, is
a measure of the energy scale under consideration: the step number ¢ characterizes the number
of different groups of replicas we consider, which corresponds roughly to the number of energy
valleys existing in the energy landscape: if we look at figure 7.1, the first free energy is at
temperature T' > T}, replicas are symmetric which corresponds to one single minimum in the
free energy landscape. If the temperature is decreased such as T” < Ty, the free energy landscape
presents two minima, which can be associated to two different groups of replicas (one step of
RSB). If the temperature is further decreased, the appearance of more energy valleys is related
to higher steps of RSB.

7.2 Quantum fluctuations

7.2.1 A two-level model

To explain hallmarks of disordered materials in general as the anomalous temperature behavior®

in the specific heat C,,, Anderson et al [157] and Philips [158] proposed a two level system (TLS)
approach. In its standard form, we assume the presence in the amorphous solid of degrees of
freedom (atoms, defects, ...) that possess two states of local quasi-equilibrium (i.e local minima
in the energy landscape). In the case of spin glasses, these two states are related with the vision
of a hierarchical free energy landscape of figure 1.14. We moreover suppose that the temperature
is low enough to avoid thermal activation between the two states: the height of energy barriers is
big enough compared to thermal energy. As thermally activated processes are highly improbable,
one is left with the idea of tunneling between two states. Tunneling can occur if the height V" and
the width d of the barrier are small enough. In the same way, the energy difference A between
both states must be not too large. See figure 7.2 for the notations. As concerns disordered
systems in general, the precise nature of these tunneling objects is still controversial. We note
A = Ey — Ey, and A° the tunneling amplitude which is given by:

A® = hwe™ ¢, (7.6)

where hw is approximately the zero point enregy (E7 + E2)/2 and & is the penetration length in
the energy barrier

h
=1/ —=. 7.7
=\ 57 (7.7)
The Hamiltonian of such a system is then:
A A0
HTLS = EO'Z + TUZ, (78)

4the off diagonal blocks (g;—1)p; and (r;_1)p, are remained untouched.
5i.e the linear dependence of the heat capacity in temperature in amorphous materials for temperatures below
1K.
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arbitrary degree of freedom

Figure 7.2: Double well potential with an energy barrier of height V' and width d. The energy difference
between the two states is A. The x-axis is an arbitrary degree of freedom. It is the orientation of the
spin in the case of an Ising spin glass.

where ¢” and ¢” are Pauli matrices. In the case of Ising spin glasses, the local TLS represents
the equilibrium orientations of the Ising spin (aligned or anti aligned with the z-axis), and the
tunneling between both states accounts for the quantum fluctuations of the spins. Hence this
Hamiltonian (7.8) models the quantum fluctuations of an Ising spin. Thermal fluctuations of
the spins are modeled by the first term in the SK Hamiltonian, which alone accounts for the
description of the spin glass phase in the case of classical Ising spins.

7.2.2 A transverse magnetic field as source of quantum fluctuations

In the previous section, we have seen that the quantum fluctuations of an Ising spin are taken
into account with a term that has the form:

To®, (7.9)

where I' is the tunneling amplitude. This term can be written as:
o” =T .3, (7.10)
with T pointing in the x direction. Then both terms in the TLS Hamiltonian can be written as:

Hrps = (h+T) - &, (7.11)

where & is a longitudinal magnetic field and [ is the previous transverse magnetic field.
This model is a particular case of a more general model, called the rotor spins model [159, 160]
and defined as:

g 1 o
Hpg = 5ZL? -~ 52Jijni -1, (7.12)
i (4,9)
where n;, are the M components of a unit-length rotor 7i; at site ¢ (i € [1,N]). The L,
(u<v,uv=1,...,M) are the M(M — 1)/2 components of the angular-momentum generator
L; in the rotor space, and J;; are mutually uncorrelated exchange constants. At zero temperature,
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this system presents a quantum phase transition. The corresponding Ising model is found by
imposing that the rotor spins only have two components (M = 2). See [150] for a complete
review.

7.2.3 Mean field level

The mean field model we will consider in the following is the Sherrington-Kirkpatrick model in
a transverse magnetic field, which is equivalent to the previous rotor model with M = 2, and a
longitudinal magnetic field term:

HQSKZ—ZJijUfaj—FZaf—hZof. (7.13)
(&4) i i

In this model, (7, j) represents distinct pairs of spins, and each pair is counted once. We consider
a set of N spins. ai f are Pauli matrices as explained in the previous section. The couplings J;;
are distributed with a gaussian statistics as written in equation (1.9):

[N NJ2
PlJij] = H 3.7 XP (— 2J2j> .
i<j

This distribution has zero mean and a variance which is equal to J2/N. The factor 1/N has
been explicitly written in this equation to obtain finite thermodynamic quantities when N — oc.

The phase diagram of the quantum SK model is presented schematically in figure 7.3. As
studied in the previous section, a quantum phase transition appears at zero temperature. More-
over, a "classical" phase transition occurs for I' = 0 is shown in chapter 1: without any transverse
magnetic field, the quantum tunneling amplitude for the Ising spins vanishes. From these two
extremal points, we extrapolate the phase diagram. At the end of the derivation of the free
energy, we will consider the limit of a weak transverse magnetic field®, to derive the equations of
motions. The study will also be performed at low temperature, as shown on figure 7.3. See also
[161].

7.3 Experimental realization of a quantum spin glass

In this section we present results showing the experimental interest of studying theoretically the
quantum SK model.

7.3.1 The proton glass

First, an extension of the SK model has been proposed to describe the proton glass. Experimen-
tally, the compound used is Rby_,(NHy),HoPOy [162]. This is a hydrogen-bonded solid solution
of ferroelectric (RbH2POy4) and antiferroelectric (NH4H2PO4) isostructural” crystals, commonly
abbreviated as RADP. By analogy with spin glasses, the frozen state is believed to be due to
quenched random interactions between the pseudospin degrees of freedom which represent the
equilibrium positions of the hydrogen bonds [163, 164], as schematically plotted in figure 7.4.
Each hydrogen atom is linked with a covalent bond (plain line) to an oxygen atom and with a so
called hydrogen bond (dashed line) with another oxygen atom. The "up" state of the pseudospin
represents the configuration where the hydrogen is covalently bounded to oxygen 1, the "down"

6i.e we consider a semi-classical development of the solutions.

7in the high-temperature disordered paramagnetic phase.
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Figure 7.3: Schematical representation of the phase diagram of the quantum SK model. T 1is the
tunneling amplitude of the Ising spins and T is the temperature.
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Figure 7.4: Representation of the pseudospin degree of freedom. Solid line represent a covalent bond,
the dashed line represent a hydrogen bond.

state of the pseudospin represents the configuration when the hydrogen is covalently bound to
oxygen 2. The tunneling of the proton from one state to the other, gives the direct relation be-
tween this compound and the quantum SK model. It appears nevertheless that the proton glass
is not just an analogue of the quantum spin glass as the presence of an intrinsic random field
adds new features to the proton glass. This presence of the intrinsic random field is due to the
nonsymmetrical position of the NHy groups with respect to the surrounding cations (Rubidium
ions), that tilts randomly the proton double well potential.

7.3.2 Lithium-Holmium compounds

Another example of an experimental realization of a quantum Ising spin glass is LiHo,Y1_,Fj4.
Generic compounds LiRF, where R is a rare earth ion are body centered tetragonal lattices
[165]. The Ho3* ion is magnetic whereas the YT ion is non magnetic. The single-ion anisotropy
is Ising with the moments (pefr = 7up) derived from the ground state doublet of Ho?T lying
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Figure 7.5: Imaginary part of the susceptibility over many decades in frequency f for T < Ty. The flat
response at low f for small transverse fields Hy is a signature of spin glasses. With increasing Hy, the
spectral response becomes paramagnetic.

parallel to the ¢ axis. The dominant interactions between the magnetic ions are dipolar, and
the pure compound (x = 1) is a ferromagnet with an essentially perfect mean field transition at
T. = 1.53K. When this compound is diluted (by replacing Ho3T ions by Y3+ ions), the long range
order can be broken (due to the competition between ferro- and antiferromagnetic interactions
in a dipolar-coupled system), and disorder leads to a spin glass at @ = 0.167, with a transition
temperature 7T, of order 0.1K.

The first excited crystal-field level in LiHo, Y _,F4 is 9.4K above the ground state doublet. At
the low temperatures of the experiments of [166, 167, 168] (0.025K < T < 0.25K), only the Ising
doublet is appreciably populated. The application of an external magnetic field perpendicularly
to the crystallographic direction of the spins of this Ising spin glass, gives an experimental
realization of a quantum spin glass with tunable quantum fluctuations. In figure 7.5 is presented
one result on the imaginary part of the susceptibility for different values of the transverse field.
It shows that if the system is in the spin glass phase for I' = 0 (it is called H; in that figure), it
enters the paramagnetic phase if the transverse field is increased.

Recent numerical studies [169] using the Monte Carlo method have renewed interest on the
subject, establishing the occurrence of a transition for the classical system, but questioning the
issue of the transition at finite temperature and transverse magnetic field, idea also supported
experimentally in [170]. In this last article, the authors also claim the occurrence of the quantum
phase transition at zero temperature. Their analysis of experimental results under the picture
of the droplet theory (see section 1.4.2) supports the validity of this picture. Nevertheless, both
articles question the description of this compound in terms of a transverse field Ising spin glass.

In the next chapter, we present the derivation of the Quantum SK model as well as its results
at low temperature and low magnetic field.
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8.1 The free energy and replica theory
8.1.1 The Interaction Representation

The model

S we have seen in chapter 7, we consider in the following the Hamiltonian Hgsx of
equation (7.13). The couplings J;; are random and their statistical distribution P[J;;]
- is given by (7.14). ¢® and o* are the usual Pauli matrices:

._ (10 W (01
0'—0_1 an 0'710

Application of the replica theory

As explained in section 7.1.2, it is possible to replace the study of the statistical distribution of
partition functions &2[Z] by the study of the moments Z"[.J] of that distribution (n is supposed
integer and large). This replicated partition function is given by:

2] = Tt exp(~Huey). (8.1)

where H,ep is the replicated Hamiltonian

n

N n
Hrep:fZJijZUf’aU;’a—FZZJf’O‘thZUf’a, (8.2)

(i,4) a=1 i=1 a=1 =1 a=1

and {5} is a basis of the Hilbert space of the replicated Hamiltonian. Remember that § =
1/(kgT). As 0® and o* do not commute, we need to find a new way to calculate the partition
function, by comparison to the classical case. Numerous work has been done on the quantum
Ising spin glass [161, 171] using, at this point, the so called Suzuki-Trotter formula [172, 173].
This formula replaces a d dimensional quantum system by a (d + 1) dimensional Ising system.
The extra dimension is a time dimension. Using this technique, much work has been done either
at zero temperature [171], or using only the replica symmetric ansatz [161] or one step of RSB
[156].

We will not apply this strategy, as the results from this method do not give directly compa-
rable results with the classical case. We choose to use the Interaction Representation to extend
the classical case, and the derivation initiated by Parisi, which implies a full (i.e infinite number
of steps) RSB, following [151, 152].

The Interaction Representation

We choose the free part Hy of the Interaction Representation to be the transverse field part of
the replicated Hamiltonian. The reason of this choice is that the o” term is the only one that is
purely linear in spin operator (as we have one linear and one quadratic term in ¢* in equation
(7.13)). This implies that the only time dependent operator is o* as we will see below (equation
(8.9)). See reference [174] for a pedagogical introduction to this representation:

N n

Hy=-TY Y of. (8.3)
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In this interaction representation, we write the operator exp —BH;p as
e PMer —U(r = B), with U(r) =e e = ¢ "Hoy (7). (8.4)

The determination of the operator Us(7) goes as follows: we differentiate U with respect to 7,
and we deduce a differential equation for U;:

dU(T) _ _ —THp —THp dUI (7_)
e Heep U(r) = —Hoe Ui(t) +e I (8.5)
e~"HoU(T)
dU
= dliT) = —GTHO(Hrep — Ho)e—THoU](T) = _(Hrep — HQ)U](T) (86)
= U[(T) = Tei fOT dT’(HrcprO)(T/)7 (8'7)

where the 7 operator is the time ordering operator and is defined as (A and B are two operators
which do not commute):

TA(T)B(T") = 0(r — A(T)B(7") + 0(7" — 7)B(7") A(7). (8.8)

The function @ is the Heaviside step function.

Note that in this representation, it is possible to express explicitly the time' dependent
component of the Hamiltonian. We now focus on the two spin components o® and o*. It is
obvious to see that the first one commute with exp(—7Hy), so o is independent of 7. Therefore,
the other component 0% becomes time dependent and its dependence is given by:

e

1) = eTHogh e THO = eI g2 e as (0T 07 =0 if i#£j or a# 7. (8.9)

g, i i 7]

This time dependent spin component can be written in the following way:

o;"%(1) = cosh(27T")0* — sinh(27T)w0Y, (8.10)

3

where o7 is the matrix defined above and ¢V is the third Pauli matrix, which verifies:
[0%,0%] = —2u0Y. (8.11)
To lowest order in I" (semi-classical limit), equation (8.10) reads:

o7 (1) = 0% — 0rTo¥ + O(T?). (8.12)

K2

8.1.2 The free energy under the static hypothesis
Derivation of the averaged free energy

Collecting the previous results on the Interaction representation, it is possible to write the time
dependent replicated partition function as [175, 176]:

Z"[J] = Tr (eBF i T e I35 am (i) Jis X 07 (7)o ()4, T aiz’a('r'))) . (813)
{58}
Using the gaussian distribution for the couplings of equation (7.14), it is possible to perform the

disorder average following:
zZn[J] :/DJP[J]Z”[J]. (8.14)

L1 is called the imaginary Matsubara time [174].
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Refer to Appendix B (section B.1) for the complete integration. We find:

Zn = Trexp {BF Z i O’f’a:|

i a=l1

XTeXp 4N Z/ dT/ dr'( Zaza 27 (7))
+;/0 dT/O dT’(Zof’a(T)of’a(T/))Q)+hZ;/0ﬁdTaf’“(T)}. (8.15)

Using a Hubbard-Stratonovitch transform [177, 178]

A
=4/ o /dxe Az’ Aoz (8.16)

we decouple the quadratic terms, and we find for the averaged free energy (3.7 = lim,, o % (ﬁ — 1)
using the replica trick):

_ 1 N N
7% =t o TS e I g owr e (- Nutrw) -1,
(8.17)
/ dT/ dr’ yo‘"’(T,T'))Q+Z(wao‘(7,7’))2
aFEy a
—In {Trexp {ﬁfZai}

T exp {% /Oﬁ dr /Oﬁ dT'( Z o (T)oZ (7" )y (1, 7")
+ ZUZ(T)UZ(T’)UJO‘ (1,7 ) + h/ dTZO‘ }} (8.18)

is the free energy per spin. From now on, we note oz/z = ¢®/%%/7, Looking at equation (8.17),
it is on the form to apply the saddle point expansion of the f, function inside the exponential,
thanks to the N factor multiplying the f,, function. See Appendix B (section B.2) for the detail
of the saddle point expansion. We get, for the variables y*7 and w*®

Y (7,7 )saddle poins = QY (7,7") = (To(1)oZ (")), a#y (8.19)
W (7, 7") |saddle point = R(7,7") = (Tog(T)od (7)), (8.20)
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and the free energy (8.17) reads (where we have noted .7 |saddie point = f)

B B
ﬂfm%{i | ar [ ar > @) + TR
aFy «
+1In [Trexp {6FZO’2}

x T exp {% /05 dr /05 dT/< Z O'Z(T)O’i(T/)QO"V(T, 7)

aFy
+ ZO’é(T)O’Z(T’)R(T, 7'/)) + h/oﬁ dTZO’é(T)}:| } (8.21)

(--+ ) represents thermal average. The function Q%7 that has just been defined (equation

(8.19)) is equivalent to the definition we proposed for the spin overlap in chapter 1 in equation
(1.17):

1
Qa'y = — goYgY
N 2o
i

The static hypothesis

To simplify the calculations, we suppose that the order parameters Q*7(7,7’) are static. For
«a # 7, this quantity describes the coupling between distinct replicas and, as a consequence
of invariance with respect to the translation of time, QY (7, 7') cannot depend on time labels.
Moreover, the work of Miller and Huse [171] is in favor of the static hypothesis at least in the
semi-classical limit of "small" transverse field, which is confirmed by the work of Rozenberg and
Grempel [179]. Furthermore, we approximate? R(7,7') = r, and we write:

QY (r,7) = ¢, (8.22)
R(r,7) = r (8.23)

Using this hypothesis, the free energy reads:

_5]0:711{%%{_%2 Z(qaﬁ)2+zr2 +In [Trexp{ﬁfZaZ}

a#fB

exp{[%2 ( Z Jéoéq‘lﬁ + Z O'éUZT) + 6h Z og}} } (8.24)
a#B a a

8.2 The equations of motion

8.2.1 Reparametrization and full RSB

To continue the calculation of the replicated free energy, we apply the full RSB procedure de-
scribed in the previous chapter. It allows to find the structure of the ¢®? matrix for any step
of RSB. The details of the transformation of the sums on replicas of the previous equation are

2it appears morre obvious that this function does not depend on time: all replicas have a similar behavior.
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presented in appendix C (sections C.1 and C.2). The hierarchical structure of the RSB scheme
leads to a hierarchical structure in the free energy. It is then possible to define an iterative
function ¥;_1, where [ is the step of RSB under consideration. This procedure is similar to the
approach of [151, 152]. The form of the function ¥;_; is given by:

2

dz z
(exppl_lllfl_l(h,l")) = \/% exp é
dy; ylz Pi—1/p1
X (/\/%eprz{ng\Ifz(th VO — -1z + Aiyz,F)D -
1=0.K p_1=n g-1=0 (8.25)

For the different notations, see appendix C. A(x) is defined by Sompolinsky in [154], and repre-
sents (in a dynamic view) the slow response due to overturning of large clusters, and therefore is
a decreasing function of x with its maximum value A(0). This function is sometimes called the
"response anomaly" [180].

Looking carefully at this equation, we remark that a saddle point method can be applied with
respect to the variables y; (see appendix B, section B.2). To justify this method, it is necessary
that the size p; tends to the infinity. This is well satisfied as we have seen that the full RSB
procedure is characterized by po > p1 > -+ > pg — o0. It leads to:

exppr—1¥i—1(h,T') =

dz; _z 2
Le™ exppi_ <£ +U(h+ @ — g1z + A;yC,F)>
V2T 2
8\11
and ( @ — @12+ 4/ —Ajye, T). (8.26)

This equation is the starting pomt to reach the full RSB limit (i.e with an infinite number of
RSB steps). We consider the following limits: K — oo, [/K — x, {¥;(h,T")}, — ¥(x, h,T") and,
to the order éx, ¢ — qi—1 — ¢(z)dx, as this was defined® in section 7.1.2. In this vision, we end
up with an infinite number of order parameters: a function g(z) of the interval [0, 1] [34].

0, (h +vq —q_1z + —Afyc,l") — U(x,h+ v/ §(z)dxz + \/—Ax)dzy.), (8.27)

OU(w,h,T)
oh

Equation (8.28) is obtained directly with a change of variables in equation (8.26). From (8.27),
we deduce a development of ¥ to first order in dz:

(x,h +q(x)dxz + 1/ —A(x)dxy.) — U(z, h,T) + 21/¢(x )&EZ_\]I:

- <J2A(SC) <g—;1:> - %Z q(x )gfﬂ ) oz + O(02°/?). (8.29)

and Yo — —A(z)dx. (8.28)

We then develop equation (8.26) in powers of p;—1, and the continuous limit of the resulting
equation at first order in p;_; is considered:

9 wnr) = 1 (A( ) (GrtenD) i G F))
and U(1,hT) =In (2 cosh(Bv/h? + F?)) . (8.30)

3in the following, derivatives with respect to z are denoted with a dot.
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We simplify this expression by using the so-called "Parisi gauge" which is defined as [181, 182]:
A(z) = zg(x). (8.31)

The name of this gauge lies in the fact that imposing it to equation (8.27) allows to find back
the so-called Parisi equation [154, 183]:

g—i(x,h,l“) - —@ <x (g‘i’( h r)) gh‘f (2, h r)) (8.32)

Similarly, the function ¥_; can be expresed in a different way if we come back to equation (8.26):

d 22 2
expn¥_4(h,T) = \/;%e*él expn <y_; + Uo(h + /q020 + A{)yc)) . (8.33)

Using the continuous limit, we get:

dz  _:2 1/0v 20) [ 8\11
and Yo = 0 h++/q(0)z + 1/ —A0)y,T). (8.34)

In Parisi gauge, A(0) = 0. The above equation becomes then:

U_y(h,T) \;1;_7(6222 <% <§j) LU0,k + \/q(O)z,F)>

and ye = 0. (8.35)

U does not depend explicitly on y. from equations (8.34) and (8.35).
As a consequence, the free energy in this gauge is:

—ﬁf—ﬁf((l—q(l)f—(l—rﬁ / dss(@)i(o)) + [ W-T’éfw,y), (5.36)

where we introduced the variable y which is defined as: y = h 4+ 1/¢(0)z. Do not forget the
constraints on the ¥ function:

gi’( hT) = f@ (:c <‘2‘}IL’( h r)) + gh‘f (2, h r)) (8.37a)
and U(1,h,T) =In (2 cosh(Bv/h? + F?)) . (8.37b)

8.2.2 The variational method

We can directly take into account the previous constraints (equations (8.37a) and (8.37b)) into
the free energy of equation (8.36) by introducing two Lagrange multipliers P(z,y) and P(1,y).
We also introduce a new function ¢(z,y) as

Bo(x,y,I') = ¥(x,y,I) (8.38)
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to enforce ¥ to be a free energy. With these new notations, we find:

_ﬁ - —(1—r)? 130230 7(19 e_(%;—’éﬂ
N f‘4((1 2¢(1)) — (1 )+/Odq<>)+/m © $(0,y,T)

- [ [ (der) + B (6 + a0
0
+ /dyP(l, v) (¢(1, y,T) — Tl (2 cosh (m/W))) , (8.39)

where the dot represent the partial derivative with respect to x, and the prime the partial
derivative with respect to . This equation is the variational form of the Parisi equation [152, 181].
To solve this problem, we use a variational approach developed in the classical case by Som-
mers and Dupont [181]. It consists in imposing the stationnarity of the free energy with respect
to the variations of P(z,y), P(1,y), ¢(z,y,T), ¢(0,y,T) and ¢(z).
For each quantity, it gives:

e P(z,y): differential equation verified by ¢(z,y,T")
y _ Q(z> " /2
e P(1,y): boundary condition verified by ¢(1,y,T) :

6(1,5,T) = T'n (2cosh (By/y? +17) ). (8.41)

o ¢(x,y,I'): we obtain, after an integration by parts of the term P(x, y)xgz'ﬁ(z, y,T), the equa-
tion verified by P(x,y)

B(ry) = L () — 20 (8 (2, ) Pl ) ) (8.42)

e ¢(0,y,I'): we deduce the form for P(0,y) :

P(0,y) = exp (—%) /(27rq(0))*1/2. (8.43)

Without any longitudinal magnetic field h, the boundary condition for P(0,y) becomes:

P(0,y) = 6(y). (8.44)

The previous expression for the function P(z,y) can be explained using the dynamical
interpretation of Sompolinsky [154]: ¢(z) represents the proportion of spin-spin correlations
that did not have decayed at the time scale 7,,. In that vision, ¢(x) is defined as [154]:

q(z) = (S:(0)Si(7z))- (8.45)

Thus, ¢(x) is a monotonous increasing function with a maximum value ¢(1) = gga, which
the frozen correlations measured in finite time. 7y is the longest time scale (this is purely
static limit). We thus understand easily why ¢(0) = 0, which also explains why P(0,y) is a
delta function in the absence of a longitudinal magnetic field.
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o g(x):
o(z) = / dy P, 4)6™ (. ) (3.46)

Again, this equation is obtained by integration by parts of the stationnarity equation of f
with respect to g(z).

We modify the previous equation (8.46) and we show, with an integration by parts on variable
y that it is equivalent to equation

1= / dyP(z,y) (6" (z,1))* (8.47)

We can indeed derive equation (8.46) with respect to x

i= [ape s [apen =L ( [arrar -2 [aroar),

and then integrate this result by parts with respect to y.
Most of these equations depend on the first derivative of the function ¢(z,y,I") with respect
to y, we introduce the following quantity:

m(z,y,T) = ¢'(z,y,T). (8.48)
The introduction of this new parameter has two main consequences:

(i) First, both partial differential equations for m and P becomes highly similar, they will be
solved in the same way. The equation for m is given by derivating equation (8.40) with
respect to y: '

=
2

m” + 2B8xzmm’) . (8.49)

The boundary condition verified by this new function is:

m(l,y,I') = \/ﬁ tanh (5\/ Y2+ FQ) . (8.50)

(ii) The second consequence of the introduction of m lies in the interpretation of the set of
functions m, P and g. As previously seen, a time scale 7, can be associated to the order
parameter ¢(z), in the way that for times of order 7., states with an overlap greater than
q(z) can be reached by the system as explained by Crisanti and Rizzo [184]. In this picture,
P is interpreted as the statistical distribution of local frozen fields y and m is the local
magnetization in a local field y, at time scale fixed by the value of x. We have indeed:

dle) = [ dyPla,y)m?(@,.1), (3.51)
This expression is very similar to the definition of the overlap as a correlation function of

magnetization: see equation (1.17). Moreover, P(x,y) has a probabilistic interpretation: it
verifies a continuity equation (8.42), its normalization is conserved:

/dyP(x,y) =1 P(xz,y) > 0. (8.52)

And, for z — 0, it approaches a gaussian thanks to equation (8.43).
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Finally, the issue of the nature of the spin glass phase at low temperature and low transverse
field has been found equivalent to the resolution of the following system of partial differential
equations for the functions m(z,y,T"), P(x,y,T) and ¢(z).

q(z) = /dyP(x,y)mQ(ac,y,F) (8.53a)
m(x,y,T) = —@ [m" (z,y,T) + 2Bxm(z,y, T)m’ (x,y,T)] (8.53b)
P(x,y) = @ [P"(z,y) — 2B (m(ac,y,l")P(ac,y))'] (8.53c)

with the boundary conditions (without any longitudinal magnetic field)

m(1,y,T) = \/ﬁ tanh (5\/;/2 n F?) (8.544)

P(0,y) = d(y) (8.54b)

These equations (8.53) are highly similar to the ones that have been found in the classical case by
Sommers and Dupont [181]. The only difference lies in the presence of a " term in the boundary
condition for the local magnetization (8.54a). It turns out that the influence of the transverse
field is to modify the local field in the system.

8.3 Numerical solutions

These equations (8.53) will be solved numerically using a pseudo spectral method, which is very
efficient for this type of differential equations® [184, 185]. This work was done in collaboration
with E. Lévéque, at the Ecole Normale Supérieure of Lyon. This pseudo spectral method has
the advantage to be efficient in terms of calculation time and in memory allocation.

8.3.1 The order parameter

The first study consists in solving the equations to deduce the order parameter ¢(x) for different
temperatures and transverse fields. In the classical case (I' = 0), considering the definition of
the function ¢(z) and the definition of the Edwards-Anderson order parameter, it is clear that
q(x) = qpa, for x close to 1. In the paramagnetic phase, the Edwards-Anderson order parameter
is equal to zero and is non vanishing in the spin glass. In figure 8.1, is represented the evolution
of the order parameter g(x) numerically calculated, for different temperatures (8 = T../T, where
T, is the critical temperature. On this curve, it is clear that in the paramagnetic phase, the
order parameter is equal to zero, whereas it possesses a non trivial behavior at low temperature.
A plateau (q(z) = gga) appears near © = 1 when the temperature decreases. The length of
that plateau decreases with the temperature. We notice that in the presence of a transverse
magnetic field, the transition does not occur at T, any more, as expected classically (see the
phase diagram of the previous chapter: figure 7.3). At given temperature, the evolution of the
order parameter is given by figure 8.2. These curves of the order parameter also give information
about the very low temperature behavior of the spins: if 7' — 0, gga — 1, which implies that
the overlap between the different replicas is almost 1 at very low temperatures. The function

4at the origin, this method was used in hydrodynamics to solve the Navier-Stokes equation. It is used here as
the equations we have obtained are close to this hydrodynamic equation of motion.
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Figure 8.1: FEvolution of the order parameter q(z) for different temperatures (8 = T./T, where T. is
the spin glass transition temperature). At high temperatures, the q(x) is almost constant and equal to
zero, whereas a plateau appears near x = 1 if the temperature decreases. I' = 0.1, h = 0.005.
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Figure 8.2: Fwolution of the order parameter q(z) for different transverse magnetic fields at given
temperature (lower than T.). = 16, h = 0.005.

q(x) is interpreted in terms of a probability distribution for the overlap Q<7, defined in the
previous chapter as a distance between two different spin states. Parisi [35] gave an equilibrium
interpretation of his Ansatz, showing that P(Q*) = (dx/dq)q(z)—g~~ describes the probability
of two configurations a and «y of the system, sampled with a Boltzmann weight, to have mutual
overlap Q*7. This interpretation has recently been generalized beyond the mean-field case [186].

An alternative to this static interpretation is the dynamic one by Sompolinsky [154]. He
assumes the existence of a hierarchical set of time scales 7, as explained in section 8.2. The
dynamic overlap defined in this formalism: g(z) = (s;(72)s:(0)) appears to be identical to Parisi’s
one [45, 187].

The parameterization of the previous section allows also to determine numerically some other
local properties of a spin glass as the probability distribution of local fields P(x,y), which is
investigated hereafter.
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8.3.2 The distribution of local fields

We also determine by integration of the equations of motion (8.53), the evolution of the dis-
tribution of local fields P(1,y) for different temperatures, and/or different transverse fields. In
the paramagnetic phase, this distribution is gaussian, centered at y = h, as in the paramagnetic
phase the local field felt by the spins is the external field. In the spin glass phase in the classical
case, a pseudo gap opens in this distribution at y = 0 due to the freezing of all spins. This also
happens in in the mean field theory of the three-dimensional Coulomb glass [180]. As concerns
the quantum spin glass, we plot P(1,y) as a function of y for different temperatures and a non
vanishing transverse magnetic field in figure 8.3. In fact, y depends on x and the value y(x = 1)

=0.1, h=0.005

P(Ly)

Figure 8.3: FEvolution of the distribution of local fields y for x = 1 (y(x = 1) represents the physical
total field). A pseudo gap opens at y = 0 in the spin glass phase due to ergodicity breaking. T' = 0.1,
h = 0.005.

represents the total local field. y(z) represents the part of the total local field y(1) that is not
affected by averaging on a time scale 7, (see section 8.2.2 and [181]). The shape of the distri-
bution changes well from a gaussian at high temperature to a double peak distribution at low
temperature, but the transition does not occur at T = T.. The transverse field modifies the
transition temperature. This can also be seen on figure 8.4. It is clear that the classical system
is in the paramagnetic phase (a gaussian distribution), whereas it is in the spin glass phase for
the largest values of T'.

8.3.3 Conclusion

In this chapter we have presented a generalization of the non standard full RSB procedure of
de Dominicis et al [34, 33, 183, 152, 181] in the case of the Infinite Range Quantum Ising spin
glass (SK model in transverse magnetic field). The equations of motion that have been derived
are highly similar to the one derived in the classical case [155], the only difference coming from
the boundary condition in the local magnetization. Quantum effects were taken into account
by considering the Interaction representation, which implied that the spin operators in the z
direction (the axis of quantification) were time® dependent. The static hypothesis allowed us to
simplify the equations and the quantum nature of the remaining operators (i.e 0® and ¢* do not
commute) lead to a modification of the boundary condition for the local magnetization (8.54a).

5more precisely, this is the Matsubara imaginary time [174].
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Figure 8.4: Fvolution of the distribution of local fields y for x = 1 for different values of the transverse
field T. T/T. = 0.06, h = 0.005.

We moreover managed to solve numerically these equations using a pseudo spectral method
with the help of Emmanuel Lévéque at the ENS of Lyon. We found that the influence of the
transverse field is to break the short range order of the spins and to enter the paramagnetic phase
at lower temperatures. We also find that the distribution of local fields is modified. Further study
on the low temperature behavior of the pseudo gap is at the time performed.

To go further on this project, we will in the future try to find a similar scaling behavior at
low temperature of the equations of motion as in the classical case following [155]. We hope that
this scaling would give information on the behavior of the pseudo gap in the distribution of local
fields, as it is the case in the classical SK model.
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Il n'existe que deux choses infinies,
I'univers et la bétise humaine... mais
pour l'univers, je n'ai pas de certi-
tude absolue.

Albert Einstein
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CONCLUSION

ical proposal to study spin glasses using coherent transport, this in close relation with
5 experimental constraints (this numerical work is a part of an ANR financial support:
ANR MESOGLASS, in collaboration with the Quantum Coherence group at Institut Louis Néel
in Grenoble). The goal was also to clarify the different regimes of conduction of a spin glass
nanowire and to study in detail the relevant differences with what happens in purely metallic
nanowires. The second goal of this work was to generalize the mean field model (SK model) of
a generic classical Ising spin glass to a quantum Ising spin glass, only by adding a transverse
magnetic field.

In a first part, we have studied in detail the Anderson localized regime, which is characterized
by a vanishingly small conductance. We have been able to extract with accuracy the localization
length which represents the length of the wire beyond which the system is called localized. The
universal variation of that length with the width of the sample has allowed us to compare it
in the case of a metallic and a spin glass nanowire. We have shown that it is larger in the
case of a spin glass, since Anderson localization is an interference effect and impurities break
the interference pattern. Moreover, the universal behavior of this length with the transverse
dimension of the wire has allowed us to discriminate universal from non-universal regimes. In
particular, experimentally relevant samples appear to be non-universal as their magnetic disorder
is moderate (in comparison with the amplitude of the scalar disorder W). In the localized regime,
we confirm that the statistical distribution of conductance is Log-Normal at the limit of infinite
length, and we highlight the presence of a non-analyticity at ¢ = 1 in both universal classes, and
we also confirm the occurrence of a one parameter scaling of the distribution. We show that the
second cumulant of the distribution of log g becomes super-universal in the sense that it does
not depend on universality class, in the deep insulating regime.

For wires, whose length is smaller than the localization length but larger than the elastic mean
free path, the metallic diffusive regime is reached. This regime is characterized by a universally
fluctuating conductance: the fluctuations of the conductance only depend on the symmetries of
the system. We have also shown that the experimentally relevant case of moderate magnetic
disorders is non-universal but is well described by weak localization calculations. We managed
to reach numerically the universal regime with an accuracy that has never been reached, to our
knowledge. Moreover, contrary to what was well-spread in the literature, it is not that simple
to reach the metallic diffusive regime as the localization length plays a crucial role. We confirm
that in the metallic regime, the statistical distribution of conductance is almost gaussian. This
extensive study of the conductance distribution in the metallic regime was the preliminary to
enter the main part of the Thesis: the study of conductance correlations to have access to the
spin overlap in a spin glass nanowire. We have first studied the statistical distribution (with
respect to scalar disorder) of the difference g1 — g2, where g, is the conductance calculated for
one given realization of scalar disorder and spin configuration number k. We have shown that
this distribution is centered around 0 (the average conductance does not depend on the spin
configuration) and that it only depends on the spin overlap @Q12. Therefore we have gone on the
study of the correlations of conductance, which appear to be a unique function of the spin over-
lap, which obviously opens the route for an experimental determination of that intrinsic property
of spin glasses. Very recent preliminary experimental results show that it is indeed possible to
decorrelate the conductance only by introducing magnetic impurities and applying temperature
steps.

A second part of the Thesis was the study of a mean field model for Ising spin glasses: the
Sherrington-Kirkpatrick model in a transverse magnetic field. Using the Replica theory and
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the Interaction representation, we managed to derive equations of motions in the full-Replica
Symmetry Breaking Ansatz. We found very similar equations in comparison with the classical
case (i.e with no transverse magnetic field). We solved numerically these equations using a
standard pseud-spectral method and we found a solution for the continuous order parameter
q(x) and the distribution of local fields P(1,y).
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A.1 The Drude model for the conductivity

7 “‘ “LASSICAL (incoherent) electrons contribute to the conductivity. To find an expression
;a\‘@ "’)} for this conductivity, we apply the Drude model [84]: the elastic scattering time 7. is
\_/ interpreted as the inverse of a damping coefficient. The corresponding damping force
acts on the electrons to stop them. If an electric field & is also applied!, we find, by application
of the second law of Newton on one electron:
dv 1 =

me— = —U — eé&. Al
“dt T (A1)

If we use complex notations for the velocity #(t) = vpe*?, we find for the conductivity:

ne?/m.

o(w) =7 —
Te

(A.2)

where n. is the number of electrons per unit volume.

A.2 The Kubo formalism of coherent transport

This formalism has been built to calculate the conductivity of a disordered metal, with the help
of Green’s functions.

A.2.1 The Kubo formula and disorder averaging

For a quasi-one dimensional system as the one that is considered in this manuscript, the longi-
tudinal conductivity is expressed as:

(W) = %ReTr (3G (ER)ja G (Br — ). (A.3)
To derive this expression, the hypothesis of linear response to an electric field has been assumed,
and this formula is valid for a degenerate gas of electrons, where jz is the current operator in
the z direction. It is defined as: 535 = 1h-0,. Terms as GEGR and GAGA are not taken into
account here, as they lead to negligible contributions to the conductivity.

We then obtain for the disorder averaged conductivity:

O'(w) = <0m(w)> X /df’ldFQRe <8I1 GR(EF,Fl,Fg)aszA(EF - hw,Fg, F1)> , (A4)
or, in the momentum space:

o(q,w) o< Y ki ok Re <GR(/2§1 +§/2, ks + 7/2, Ep)GA (k1 — /2. ks — §/2, Ep — hw)> .
k1 k2
(A.5)
In chapter 3, we have seen that the probability of diffusion of an electron from one point of
the sample to another in time ¢ is the sum of one incoherent term, plus two coherent terms:
the Diffuson and the Cooperon. With similar arguments we will study, in the next section, the
different terms contributing to the conductivity.

Imore accurately, a potential difference is applied to the diffusive sample.
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Figure A.1: The Diffuson of figure 3.3 as a Feynman diagram. Crosses are impurities, which are
encountered with the same sequence for both electronic paths (up and down arcs). Dashed lines are
interactions with these impurities. q is the momentum transfered by each impurity.

A.2.2 Incoherent diffusion

This approximation, which is the simplest thing we can imagine consists in taking in equation
(A.5):

(Gat) = (GG, (A.6)
which means that both averaged Green’s functions are independent with respect to each other. In
optics this is equivalent to consider that the intensity at a point enlightened by two sources is the
sum of intensities of each source. Interferences are not taken into account: it is an "incoherent"
term. One can show that this term gives the Drude conductivity as in the first section of this
appendix.

Using perturbation theory for interacting systems?, it is possible to develop the product of
Green’s functions under the following formal equation [60]:

(GRGY) = (GG + (GFUGTL (GG, (A7)

where T', is a form factor that depends on interactions.

A.2.3 The Diffuson

Concerning the Diffuson term, we find for the conductivity:

ca(@w) o 3 kako Re((GR(E +T/2)(GA(y — a/2)Tuls — F2)(GR (s +/2)
k1 Kz

x (GAR—3/2))), (A.8)
where the form factor is calculated self-consistently, using figure A.2 and a Dyson equation [60]:

To(kr — ko) = 7e + % D Tulky = ka)(GR (ks + @))(G (B2 + @), (A.9)
q

where « is the quantity defined by 7. = 1/(2mpo7e) = n;v¢ (see section 5.3.2 for the notations).
Te is the elastic time of flight of electrons in the sample.

?Interaction between the electrons mediated by impurities.
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Fi+q/2 ks + /2 Fi+q3/2  ka+@2—& k+q/2 By +q/2—q ks +q/2

ki — /2 kr—q2 k@2 k—-q2+q ki—q/2 ky— G2+ @ ks — /2

Figure A.2: Illustration of the recursive calculation of the Diffuson term I,,. The analytical expression
is given in equation (A.9).

Back to the probability of diffusion.
Notice that this term I',, enters in the calculation of the probability of diffusion from point 7
to 7 during time ¢: in momentum space, this probability is proportionnal to:

Pukr 3 w) o3 Re((GR(Ry +@/2)) (G (R — /2))Tu(Fy — Ba)(GR(Rz + 3/2))
k1 k2
X (GA(R2 — @/2). (A.10)
This equation is highly similar to equation (A.8). This term is of high importance as it is

possible to show that only the sum of the probability of both the inoherent part and the
Diffuson part is normalized to one.

Due to the presence of the product k; ,k2 5, the contribution of the Diffuson term to the con-
ductvity is zero, in the case of isotropic? collisions. It is now time to discuss the Cooperon
contribution to the conductivity.

A.2.4 The Cooperon

The diagram of a Cooperon, as already said in section 3.1.3, is the same as a Diffuson diagram
with one electronic path reversed. In figure A.1, we reverse the dashed line, and we end up with
a so-called maximally crossed diagram (figure A.3). The conductivity is then given by a formula,
that is very close to equation (A.8):

oo(qw) o< Y /fl,zk‘z,zRe(@R(El +@/2))(G (k1 = G/2))T, (k1 + k) (G (R + 7/2)
F1,k2

X (GA(R2 — @/2)) (A1)

3which we assume to be the case in all this manuscript.
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Figure A.3: The Cooperon of figure 3.5 as a Feynman diagram. Crosses are impurities, which are
encountered with the same sequence but in reversed order, in comparison with the Diffuson term. Dashed
lines are interactions with these impurities.
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Figure A.4: [llustration of the recursive calculation of the Cooperon term T',,. The analytical expression
is given in equation (A.12).

where the form factor is also calculated recursively via the summation of an infinite number of
diagrams [188], as geometrically shown in figure A.4:

D (R 4+ Fa) = 7+ 20 D0 TG (R + R) (GR (R + G)) (G (1 — 1)), (A12)

q1

Consider the diffusive limit as in section 3.1.3 (Ql, > 1), where Cj = El + Eg. In this limit,
the previous equation can be inverted, and we find:

A Y
I,(Q) = o (—w + DQ?)’ (A.13)

where D is the diffusion coefficient, and 7. = l./vp. This is the kernel of a diffusion equation.
This shows that, in the diffusive limit, the Cooperon term is solution of a diffusion equation.
Therefore, the quantum corrections to the classical conductivity (which is only the Cooperon
contribution), is:

N
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A.3 Weak localization correction

More generally, it is possible to show [89, 88] that the presence of a magnetic field and/or of
magnetic impurities are taken into account in the conductivity in the form (see [86] for a complete
review):

1/2 3/2
A — = ~ . A.
o(w) x % St B )+ % + S BO) + % (A.15)

Singlet term Triplet term

The Singlet/Triplet decomposition comes from the presence of magnetic impurities: see sec-
tion 3.2.2 and [88, 138], and is due to pairing of two spins 1/2 (two electronic paths). Usual
quantum mechanics states indeed that a system with two spins 1/2 is properly described in the
Singlet/Triplet basis [103]. In this equation, E, = DQ? if the magnetic field is zero and is equal
to (n+1/2)4eDB/h in a uniform magnetic field B. 7, is the magnetic scattering time, this the
characteristic scattering time of the magnetic impurities. It is also possible to define a related
magnetic scattering length, with the help of the relation: L,, = \/D7,,. See section 3.2.5 for
more details on this length.

In a two dimensional system, @ = nw/L,, where L, is the transverse length of the sample.
We find [72], in the absence of magnetic impurities for the corrections to the conductance g:

Ag = g(B) ~ 9(0) x 5175, (A.16)

for perfectly coherent wires (Ly > L ). This expression allows to fit the average conductance
of figure 3.8A. In the presence of magnetic impurities and no magnetic field, this expression is
modified to obtain the equation (3.26) of section 3.2.3 for quantum corrections to the average
conductance. In this equation, only the Cooperon term is present as the contribution of the
Diffuson to the average conductance vanishes.

More generally, Lee et al [89] showed that for any diffusive process with diffusion time 7, the
corrections to conductivity (or conductance) are calculated by replacing the diffusion pole DQ?
by DQ? + 7~1. If the process is spin dependent, we must use the Singlet/Triplet basis [103].
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B.1 Disorder averaging

JHE starting point of disorder averaging is equation (8.13) of section 8.1.1. We introduce
the statistical distribution of couplings J;; as defined in equation (7.14) and we find:

Zn =Trexp [ﬁl—‘ Z i O‘f’a}

1 a=1
) T/ D ex | / ﬁ ar{ 3 ot (r)o ()
0 i<j a=1
Z2J2 +hZZU““ H (B.1)
1<j i a=l1

We collect both the quadratic and the linear terms in J;;

B n N
/ dr Z Z Jijaf’a(T)a;’a(T) — Z Q—JQJZQJ

0 ij a=1 i<j

Z<2J2 \/?/ dfz% 0% )2
+_ (/ drzaw ”) : (B2)

to find a generalized gaussian integral for the J;; dependence. It is integrated over R, which gives
a constant number that will be "forgotten" in the following as it is of no use from a physical
point of view. Considering the next step:

(5 ([ i)

i#j

= —ZZ(/ dr / dr'o7(r Z-’a(f)of”(f’)a’i’”(f’)>2—cst

,] QY
2
1 B8
= 5%/0 dT/O dr’ ;05"“(7)05”(7’) — cst, (B.3)

where the constant term cst is of the form:

B B
cstZZ/O dT/O ar' (o7(7))? (077 (r))*. (B.4)

As a quadratic term in the spin operators, it does not depend on the spin any more, it is useless
in the derivation. We end up with the following disorder averaged partition function as written
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in section 8.1.1, equation (8.15):

Zn = Trexp [ﬁl—‘ Z z": O‘f’a}

1 a=1

x T exp [ﬁ(;/f dT/OBdT’(ZUf’O‘(T)UfW(T/))2
+zaj/oﬁ dT/Oﬁ 4 (Yot (Mot ())?) +hzza:/0ﬁdraf’“(7-)]

The first step of this integration is justified because the Trace operator runs over the whole set
of spin configurations {S§}.

B.2 The saddle point method

This method [189] allows to evaluate the following type of integrals:

/dyeiNG(y), (B.5)

where the function G is at least a twice differentiable function. N is a large number. Assume

that G has a unique global minimum at yy. If we multiply this function by a large number IV, the

gap between NG(yo) and NG(y) will be large. Then, significant contributions to the integral

will only come from points y very close to yyo. We assume that yo is not an endpoint of the

interval of integration (which can be infinite), that the values of G(y) cannot be close to G(yo)

unless y is close to yo and that the second derivative of G at point yq is positive: G”(yo) > 0.
Using Taylor’s theorem, we expand G around yg:

1
G(y) = Gyo) + G' () (y — vo) + 5G" (o) (v = w0)* + o((y = 90)*)- (B.6)
Since yg is a minimum for the function G, the expansion reads:
1
Gy) = G(yo) + 5G" (w0) (v — v0)”, (B.7)

which gives:
/dye_NG(y> ~ o~NG(v0) /dye—%G”(yo)(y—yo)2. (B.8)
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JHE starting point of this derivation is the equation (8.24) for the disorder averaged free
energy under the static hypothesis, and it is recalled here:

2
=t -5 (S

aty

+In [Trexp {ﬁFZUﬁ}
exp {%2 ( Z 0L02q"7 + Z azaér) + BhZaéH }

aFy

To continue the calculation, we will break an arbitrary number (K) of times the symmetry of
replicas, and then explicitly calculate the sums that appear in the previous. The scheme of
replica symmetry breaking is the same as the classical one, which has been presented in the
previous chapter, and it gives the shape of the ¢®7.

C.1 Calculation of the sum of the (q‘”)2

In a first part, we will calculate the quadratic term in ¢®7, that does not depend on the spin

configurations o:
> @) (C.1)
aFEy

This sum is calculated recursively using [154, 152], and is based on the determination of the
number of spins in each block and the corresponding size of the block:

n n
> (@) = qip—(p% —pr) +r5(n” — p—p%)
Py K 0
K-1 n i K-1 i n n
LN 2 P N2 oy P (T Ty C2
; qz Di (pz pi+1pz+1) p ( 1+1 1 )pi+1pz+1((pi) pz) ( )

Note that the notations are the same as in the previous chapter: p; is the size of blocks in the ¢®7
matrix at step ¢, and ¢; is the corresponding value of overlap. Re-arrangements of the different
terms leads to:

K—-1 K-1 K
1
Jim, ~ %(q“ﬁf = Qic(px — 1) = ripo + z; 4;pi — z; Gpit1 - Z;(T? —ri e (C3)
« = i= i=

We introduce a new quantity Al in order to obtain, in the limit of p; — oo:

—2Aq; = 221’1‘% ((gi —7i) = (gi—1 —1ic1) = pi ((qf - 7“12) - (qf_l — Tf_l)) . (C.4)

PpPi—00

Consequently, we get for the term in front of the logarithm in equation (8.24):

3272 K
@ — 1’42 Z Algi | . (C.5)

4 ,
=0

It is now time to go to the calculation of the linear term in ¢®%.
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C.2 Calculation of the linear term in ¢*”

As this term is harder to calculate, we will only present the method for the first two RSB, but
it is possible to find an equation for the case of K RSB. The term to calculate is the following

> ¢*Poa0ps. (C.6)

oA
It is harder to calculate because of the presence of the spins. We consider here the first two steps
of symmetry breaking. We introduce, as seen in the previous chapter, the quantities qo, 79, ¢1
and r1. The ¢®” matrix will have a set of blocks, of size pg after step 1, and of size p; after step
2 (p1 < po). The number of blocks is respectively n/po and n/p;. We also introduce new indices
Jjo and j;. They run respectively from 1 to n/py and from 1 to n/p;. Moreover, we introduce an
index « that runs from 1 to p;. With a combination of these three indices, the whole matrix is
covered. Consider first that the matrix is only constituted of rg terms. At this stage, the linear

term reads:
ro( D Tjojia)’ (C.7)
Joj1x
However, the first of RSB consists in replacing the ry with gg on diagonal blocks of size py. We
then add to the previous term the following one:

(g0 —70) Z(Z Tjojra)’- (C.8)
Jo Jicx
The second step consists in replacing 7o terms by r1 ones in diagonal blocks of size p; (in the

remaining blocks of size py with rg terms) on the one hand and similarly gy terms by ¢; ones in
blocks of size pg with only gg terms. The replacement of 7y by r; leads to a supplementary term

of the form:
(r1=70) [ DO jona)® = DO 0iojna)’ (C.9)
Ji Joo Joj1 o
and the replacement of ¢o by ¢ leads to the following expression:
(@1 —90) Y O Tojia)” — naa. (C.10)
Joj1 @
One can continue the RSB sheme to reach K steps in a similar way.
All the terms (equations (C.7), (C.8), (C.9) and (C.10)) are quadratic in spin operators o
except the last one: ng;. It is proportional to n, it can then be extracted from the exponential

and even from the lim,,_,¢ operation. As a consequence, the quadratic term in ¢®7 and this terms
read:

K
& (q% —r? 2QK+2T+22A;%‘> (C.11)

i=0
) K
= T ((1 —ax)’ = (1-r)?+2) Ai—%) (C.12)
i=0
From what, we get

K
—Bf = %2 ((1 —qx)? = (1 -7+ 22 Aé%) + lim (T, ) (C.13)

. n—0
=0 Po>>P1>>... S>PK —00

lthe denomination of this function as W_; will become clearer in section C.3
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All the terms which appear in ¥_;(T', h) are quadratic in spin operators. We will linearize them
by using a Hubbard-Stratonovitch transform as in section 8.1.2.

C.3 From discrete to continuous sums

Following [152], it is possible to change the sums in the logarithm into a succession of hierarchical
integrals. In the simpler case of two steps of RSB, we obtain for the term of (C.7) an integral
under the form:

dzg 22 .
exp 7o Z Tiojra)® — exp (—— + zo\/ﬁﬁZaa . (C.14)
Jojicx V2l 2 a

In the same way, the term of equation (C.8) can be written as:

2
exp(go — 7o Z ZO']OJIQ H/ AYjo exp <—+yj0\/q0 TOBZU ) (C.15)

Jo i

The expressions (C.9) and (C.10) concerning the second step of RSB read

exp(r1 — ro) Z(Z Tiojra)” H/ L exp (— + 2,V — TOBZJ ) , (C.16)

J1 Jow
and
exp (g1 — q0) = (1 = 70)) [ DO 0jojna)® | =
Jjoj1 @

H H/ Hioas o < J;h + Yjosn \/(Ch —qo) — (r1 — TO)ﬁZ UZ) : (C.17)

Jo J1

By extension to a number K >> 1 of steps of RSB, we get the formula for the function expnW¥_1 (T, h)

expn¥_4 (T, h)

dzo 22 d,z]1 dz]K Tk
vV 27T H H vV 27r 2

n/po dy; 2 po/p1 " Y2
X ( —JJjo exp po— / Hdogr exp —p1 Jjoj1.
110/ 2= 11/ >
p1/pz Pr—1/PK 2
d 2
H H / QYjo...ix exp —pi y]oé-JK
Jz2=1 Jr=1
x Tr ex o2 H, + 0T })D C.18
I, pﬂ; ) (C.18)

where we have the notation:

H, :h—i-\/q_ozo—l—...—i—\/q;(—q;(_lzﬁ( —l—\/—A/Oij—l—...-i- _A/Kyjo..~jk' (C.lg)
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The operator ¢® can be reintroduced inside the exponential that does only depend on ¢* in
equation (8.24). This is allowed thanks to the presence of the Trace operator: if one considers
two operators that do not commute, we all the same have the following equality:

Tr (eAeB) =Tr (eAJrB) . (C.20)
The trace operation on the following operator
otH, + o>l (C.21)
is calculated by diagonalizing this 2 x 2 matrix, which leads to the eigenvalues:
+\/H2 + T2 (C.22)
The calculation of the trace gives

expnVU_i(h,T)

n/po dy y2 Po/p1 y 2
X 2 —po—22 JOIL oy JoJi

j}_—Il( V2m p( Py ) jgl 5o OXP | TP

p1/p2 PK—1/PK Ay 2
< I ( I1 [ Wio- g e, (_pK ao...gK>

j2=1 =1 V2T 2
x Inpg exp(2cosh / H2Z + 1"2)} )D (©.23)

From this expression, we define iteratively the set of functions (¥;);>_1 (equation (8.26)).
Their structure is given in the following equation and it is suggested by the hierarchical form of
expnV¥_i(h,T).

2
2

dz
eprl—lq/l—l(hvr):/\/%exp_E

d 2 pL—1/D1
X ( 4 exp pi [ _Yy Ui (h+ @ — q—12 + Aiyz,F)D :
Vor 2

{|=0.K pP_1=n qg-1=0

More precisely, this form has been proposed a priori but it allows to get ¥_(h, ") back, provided
that we impose:

exppiVi(h+ Vo — -1z + /= Ay, T)
b1
= Trexpx{ 3 [ 3 (Bva— tmrzi+ BY/=Bui) + fh]os + T

1
bt a=1 i=0

62 D1
P L (C.24)
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C.4 Justifications
Form of ¥,

In equation (C.24), we have chosen an iterative form for the function ¥;. In this section, we are
interested in the justification of that particular form.

Consider step [ of the RSB procedure (1< [ < K). At this step, we have already performed all
the Hubbard-Stratonovitch transforms described in the previous section on blocks of size greater
than p;, which is indicated by the presence of the indices z; and y; in sums for ¢ running from
1 to I. Then the next RSB step begins: the terms ¢; are replaced by generic terms ¢®7, which
leads to the appearance of the term > 0", (¢®7 — qi)0a0,. The block structure of [151] is found
by writing this term as:

pi P
> (rap —1)000s + Y _[(Gap — @) — (ras — 11)l0a0s. (C.25)
a#S3 a#p

Boundary conditions

As seen in section C.3, the continuous version of RSB is performed by assuming that the total
number of steps of RSB K — oo, [/K — 1z, where [ is the step number. To find the boundary
condition on ¥(z = 1,h,T), we only have to put I = K in equation (C.24). At that point, as
we are performing the last RSB step, the last sum is equal to zero (¢*7 = qx ). We immediately
deduce that the remaining terms can be written in the form (equation (8.27)):

U(1,h,T) = In (2 cosh (ﬁ\/hQ n F2)) .
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