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Université Paris-Sud
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0
Résumé

Introduction
L’effet proximité de supraconductivité (EPS) est un probe sensible à la cohérence, propriété de spin,
même le magnétisme des systèmes. Cet effet est profondément étudié depuis centaine années dans
les systèmes variés (isolateur, métal normal, semi-conducteur, matériaux ferromagnétiques, etc..)
et parfois combiné avec les autres effets (l’effet Hall quantique, couplage spin-orbite, interaction
électron-électron, etc..).

Dans cette thèse, nous sommes intéressés par EPS dans deux systèmes particuliers : graphène
et nanofil de Bismuth. Nous allons montrer que le EPS est un outil puissant à sonder et relever
les physiques dans les systèmes différents. Parfois, la compréhension du EPS est améliorée par la
combinaison avec ces effets.
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D epuis la découverte du graphène en 2005, beaucoup d’effort est fait sur ce matériau 2D na-
turel. La relation dispersion linéaire à l’énergie basse ouvre la porte à la physique Dirac[1, 2].

La densité de charge modulable (même la signe de charge) nous permet de changer les paramètres
physiques à un échelle beaucoup plus grand dans un seul système. En conséquence, au champmag-
nétique relativement bas, l’effet Hall quantique peut être observé[3, 4, 5, 6].

Non seulement la densité de charge, mais aussi les propriétés électroniques sontmodulables dans
graphène. En changeant une tension de grille, on peut tester l’effet proximité dans les jonctions
S/G/S aux régimes différents. Nous avons examiné les jonctions diffusives courtes et longues et
comparé le produit eRNIc aux différentes échelles d’énergies (le gap supraconducteur, l’énergie de
Thouless,…).

La réflexion Andreev ordinaire à l’interface S/N pour la conversion d’un pair de Cooper à un
pair de quasi-particule d’électron-trou (ou vice versa) devient une réflexion spéculaire si le niveau de
Fermi est ainsi proche au pointDirac[7]. En comparant le courant critique des jonctions S/G/S dif-
férentes, nous trouvons que la réflexion Andreev spéculaire est relevé indirectement[8] (Sec.3.3.2).

L’injection des pairs de Cooper aux canaux balistiques 1D

Après la première observation du contact normal atomique quantique (NQPC pour l’anglais nor-
mal quantum point contact), l’injection des pairs de Cooper à un canal balistique devient possible.
Ce système est étudié théoriquement par Beenakker et vanHouten[9] et un courant critique quan-
tifié pour N modes occupées est donné :

ΔIc =
T e
4πτ

, (1)

si la jonction est courte (L/ξ0 → 0). Il est observé pour la première fois par Takayanagi et al.[10].
Pour le case opposite d’une jonction longue (L ≫ ξ0 ) balistique S-QPC-S, le courant critique

est quantifié à une valeur non-universelle

ΔIc =
T e
4πτ

, (2)

où T est la probabilité de transmission normale par l’interface N/S selon la théorie BTK[11], et τ
est le temps de voyage effectif, si une barrière finie à l’interface et unmismatch de la vitesse de Fermi
sont rendu compte.

Pour le gaz d’électron 2D (2DEG en anglais pour 2D electron gas), dans un champ magnétique
haut, les états debordHall quantiquequi sont aussi les canauxbalistiques 1D, sont établis. L’injection
des pairs de Cooper est aussi considérée théoriquement[12] et tentée expérimentalement[13, 14].
Contrairement à la jonction S-QPC-S, la jonction S-QHS-S n’a pas montré un supercourant. Le
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trace de l’effet supraconductivité est peut-être la réduction de la résistance autour des bords des
plateaux Hall quantique[14]. Les difficultés expérimentales sont de faire des bons contacts avec les
matériaux de hautHc et d’avoir une meilleur configuration de mesure.

Dans le graphène, par contre, le regime d’Hall quantique peut être atteint au champ magné-
tique relativement bas (∼4T). Comme les contacts ohmiques sont meilleurs sur graphène que sur
le 2DEG [15, 16], la prospective d’injecter des pairs de Cooper au canaux des états de bords d’Hall
quantique parait plus favorable. Il est un des buts de cette thèse, et sera discuté dans la chapitre 3.

L’intérêt du couplage spin-orbite

Le couplage spin-orbite (SOC pour l’anglais spin-orbit coupling) couple le degré de liberté du spin
d’un électron à son mouvement orbital. Dans certains systèmes, le SOC peut être modulé par un
champ électrique externe, ainsi offre uneméthode pratique de contrôler le spin[17]. Un rôle impor-
tant à cet effet peut être espéré pour le SOC dans le sprintronique. L’effet du SOC est aussi lié à la
supraconductivité triplet. Par exemple, Gor’kov et al. a montré que le SOC Rashba peut conduire
au mélange des appariements singlet et triplet dans le système supraconducteur 2D[18].

Beaucoup des études sont faits pour combiner la supraconductivité (induite) avec le SOC. Il con-
duit à une transition 0− π[19, 20] ou un splitting du spin du niveau Andreev dans certaines jonc-
tions Josephson[21]. Même la formation des fermionsMajorana est prédite[22, 23] et observée[24]
dans les fils quantique avec un SOC fort.

Un autre effet spectaculaire dérivé du SOC est l’effet spin Hall quantique (QSHE pour l’anglai
quantum spin Hall effect) )[25]. Le QSHE engendre la conductance quantifiée en l’absence de
champmagnétique, donc sans brise la symétrie reverse du temps. Les niveaux de Landau sont créés
par le SOC. La différence entre le QSHE et le QHE est que la chiralité dépend de la direction du
spin, i.e. les charges sont polarisés en spin quand ils propagent dans une direction et polarisés en
direction du spin opposée quand ils propagent dans une autre direction.

Dans cette thèse, nous sommes intéressés à induire l’effet proximité de supraconductivité dans
des systèmes différents avec un SOC (intrinsèque ou induit). Les concepts basiques sur le SOC
sont décrites dans la section 2.4.

Induire le couplage spin-orbite dans graphène

Le petit SOC intrinsèque dans graphène empêche la formation d’un état isolant topologique dans
le graphène. [26, 27]. Beaucoup de méthodes sont proposées à induire le SOC dans graphène
pour les intérêts tous les deux dans spintronique (graphène a un temps de relaxation du spin très
long) et les autre recherches fondamentales. La déposition des atomes sur graphène est théorique-
ment prédit à induire le SOC[28]. Une version similaire est la déposition des métallo-molécules
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organique dans lesquels un atome métallique est encerclé par des molécules organiques cycliques.
Plusieurs molécules sont prouvés d’apporter unmoment magnétique quand ils sont ionisés[29, 30,
31, 32]. Nous utilisons les Pt-porphyrines dissous dans le solvant THF à fonctionnaliser graphène,
espérant que les molécules se forment un arrangement ordonné sur graphène et induisent le SOC
dans graphène par l’atome Pt.

Fort couplage spin-orbite dans Bismuth

Bismuth est un semi-métal avec fort couplage spin-orbite. Un grand nombre d’études sont effec-
tués pour déterminer la structure de bande dans le bulk, surface (film mince) et nanofil[33, 34, 35].
Lesmesures de photoémission à angle résolu (ARPESpour l’anglais Angle-resolved photoemission)
[36, 37] et de STM (scanning tunneling microscope) [38] montrent que les états de surface se for-
ment sur certaines facettes du cristalline de Bismuth (e.g. [111]). Les propriétés des états de surface
sont complètement différentes que celles de bulk : densité de charge plus grande, longueur d’onde
de Fermi plus petite et plus important, une splitting de spin dans la structure de bande due à la brise
de la symétrie inversion. Dans les nanofils de Bismuth, le confinement quantique favorise la contri-
butiondes états de surface. L’état spinHall quantique est aussi prédit théoriquement pour la facette
[111] [39]. Les fils de Bismuth de bonne qualité sontmesurés pendant cette thèse. Ils fournissent un
plate-forme pour le mesure de transport balistique.

Cette thèse
Cette thèse est en 5 chapitres : dans le premier chapitre, nous décriront les concepts théoriques
importants. Il est principalement sur l’effet de proximité de supraconducteur, ainsi le graphène et
Bismuth. Les chapitres 3 et 4 sont sur les jonctions de graphène et graphène fonctionnalisé. Ils sont
fortement liés, en ce sensqu’ils partagent lesmêmes échantillonsmesurés avant et après la déposition
des molécules. Dans le chapitre 5, nous montrons les résultats sur les jonctions de nanofils de Bi.
Due au couplage spin-orbite très fort, l’effet de proximité de supraconducteur est beaucoupmodifié.
A partir de ces effets, nous déduiront les propriétés exotiques dans les nanofils de Bi.

1. Effet de proximité supraconducteur dans graphène

Le diagramme complet de eRNIc vs ETh dans les jonctions S/G/S diffusives

Avant cette thèse, la supraconductivité induite dans graphène est réalisée par plusieurs groupes[40,
41, 42]. Par contre, les échantillons, malgré tout, sont plus tôt dans le régime de la jonction courte
(L . ξs). Nous avons réussi à fabriquer les échantillons avec les contacts différents ainsi les longueurs
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Figure 0.0.1: Relation normalisée de RNIc−ETh des jonctions S/G/S Les différentes couleurs
correspondent aux échantillons différentes. Les données expérimentales sont 3
– 100 fois plus petites que la théorie. Quelques échantillons correspondent à
ETh/Δ ≈ 1 sont dans la limite intermédiaire. La jonction plus longue PM, qui cor-
respond à une courbe plate dans la régime de la jonction courte. Les échantillons
Nb et ReW sont proportionnels à ETh dans la régime de la jonction longue.

pour que les échantillons se trouve dans un grand régime, puis compléter le diagramme de l’effet de
proximité supraconducteur dans graphène. Quand on compare le courant critique experimental à
la théorie pour une interface parfaite, une réduction existe toujours [40, 42, 41]. Selon notre dia-
gramme d’effet de proximité (Fig.1.0.1), le facteur de réduction dépend la limite de jonction : il est
près que constant dans la régime de la jonction courte, et décrois rapidement quand il entre dans le
régime intermédiaire, et la régime de la jonction longue.

L’indication de la réflexion Adreev spéculaire (SAR pour l’anglais Specular An-
dreev Reflection)

Dans les jonctions longues, nous avons observé une suppression inattendue du supercurrent près
du point Dirac, qui doit être robuste dans une jonction courte malgré la présence des puddles de
charge. En excluant l’effet thermal et la transmission finie comme l’origine de cette suppression,
nous pensons c’est une indication de la réflexion Andreev spéculaire (Fig.1.0.2).
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L’injection des pairs de Cooper dans le régime Hall quantique

L’interaction d’effet de proximité supraconducteur et l’effet Hall quantique est étudiée dans cette
thèse. Un graphène feuille contacté par deux électrodes supraconducteurs hautHc est une configu-
ration possible à injecter les pairs de Cooper dans les canaux quantifiésHall quantiques. L’effetHall
quantique est caractérisé by une conductance quantifiée avec un facteur de remplissage entier ν qui
correspond aux niveaux de Landau. Dans le graphène, ce facteur est décalé par un demi-entier.

σ =
ge2

h
(n+

1
2
)

=
4e2

h
(n+

1
2
)

(3)

Nous avons réussi à connecter le graphène par les contacts de ReWqui a un champ critiqueHc ∼
8T. Sur les plateaux, les courbes dV/dI(IDC) ont toujours un peak à IDC = 0 et en revanche, entre
deux plateaux, parfois nous trouvions des creux à IDC = 0 (Fig.1.0.4). C’est une indication de la
présence de l’effet de proximité supraconducteur.
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Figure 0.0.3: La résistance différentielle en fonction la grille d’échantillon ReW au champ mag-
nétique de 0 à 7.5T. T=70mK. L’inséré montre comment le plateau Hall à 7.5T
et VG = 14V évolue quand la température augmente.
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2.Effetde proximité supraconducteurdans legraphènegr-
effé par les Pt-porphyrines
L’échange entre les métallo-porphyrines et graphène est associé à la formation d’un singlet mangé-
tique délocalisé dans lesmolécules, indépendant à la nature de cet atomemétallique. Nous étudions
les modifications des propriétés de transport à basse température dans les jonctions de graphène
avant et après la déposition des Pt-porphyrines.

Neutralisation de graphène : transfert de charge

Des dépostions similaires sont faites avant cette thèse [43, 44] et le spectroscope Raman d’une
molécule sur graphène implique un dopage de charge dans graphène. Les molécules différentes
sont sensée d’être soit un donneur soit un accepteur. Mais d’après notre mesure de transport, nous
trouvons une neutralisation de graphène due à un transfert de charge(Fig.1.0.5).

Dépendance de la grille du magnétisme relevé par l’effet de proximité

Le modèle basique pour étudier la formation du moment magnétique dans un métal est le mod-
èle d’impureté Anderson [45]. Basé sur ce modèle, Uchoa et al. montre que les impuretés dans
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Figure 0.0.5: La dépendence de la grille de résistance avant et après la déposition des por-
phyrines sur deux échantillons : (a) Nb, (b) G92TiAl_MC . Sans porphyrines
(bleu) les échantillons peuvent être dopé en trou (a) et en électron (b). Après la
déposition, dans les deux cases, le point Dirac est ramené à zéro volte. Il implique
un double sens transfert de charge.

graphène peuvent être changés de magnétique à non-magnétique en changeant le niveau de Fermi.
Nous détectons ce modèle dans graphène par l’effet de proximité.

Pour les jonctions longues, nous observons que , après la dépostion de porphyrines, le super-
courant devient asymétrique par rapport la grille : dans la région dopée en trou, Ic est plutôt inaf-
fecté, au contraire dans la région dopé en électron, supercourant est supprimé. (Fig.1.0.9).

Nous expliquons ces résultats par une interaction RKKY de longue portée entre les molécules,
via les porteurs de charge dans graphène, conduisant à un ordre magnétique collectif dans les por-
phyrines.
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Figure 0.0.6: Da la supraconductivité induite bipolaire à unipolaire. Les régions rouges
foncées correspondent à une résistance différentielle nulle. (a) avant de mettre les
porphyrines, le supercourant est bipolaire, (b) après la déposition, le supercourant
devient unipolaire.

3. Effet de proximité supraconducteur dans les nanofils de
Bismuth
A basse température (100mK) et champ nul, nous arrivons à induire la supraconductivité dans les
nanofils de Bi par les électrodes de tungstène. Les courant critique est entre 100nA et 1μA.

Supercourant persistent à 11T

Les électrodes de tungstène ont un champ critique très élevé (∼ 12T). Nous trouvons l’état supra-
conducteur induit dans les fils de Bi jusqu’à 11T (Fig.1.0.10). C’est vraiment différent ce qu’on attend
pour un fil d’or de la même taille.

LesoscillationsducourantcritiquecommeunSQUIDmoduléesdansunegrande
échelle

Uneoscillation commeunSQUIDducourant critiquede0Tà9Tetunemodulation sur ces oscilla-
tions d’une échelle d’1T sont observées(Fig.1.0.11).. Elles correspondent respectivement une forma-
tion des états de bord 1D très confinés sur certaine surface du nanofil de Bismuth, et l’effet Zeeman.
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1
Introduction

The superconducting proximity effect (SPE) is a sensitive probe of the quantum coher-
ence, spin properties, or even magnetism of systems in which superconducting correlations can
be induced by coupling them to superconductors. This effect has been widely studied for almost
100 years in various systems (insulators, normal metals, semiconductors, ferromagnetic materials,
etc...) and sometimes in combination with other effects (quantumHall effect, spin-orbit coupling,
electron-electron interaction, etc...).

In this thesis, we are interested in the SPE induced in two particular systems, graphene flakes and
bismuth nanowires. We are going to show that the SPE is actually a powerful tool to probe and to
reveal different physics in various systems. Sometimes, the understanding of the SPE can also be
improved by combining it to other effects.
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CHAPTER 1. INTRODUCTION

Since the discovery of graphene in 2005, a lot of attention has been paid to this natural 2Dmate-
rial. Graphene’s special band structure leads tomany interesting features. The linear dispersion

relation at low energy opens the door to Dirac physics[1, 2]. The gate tunable carrier density (and
even the sign of carriers) allows one to explore the physical parameters in amuch larger range in both
conduction and valence band in a single system. As a consequence, at a relatively lowmagnetic field,
the quantum Hall effect can be observed in this natural 2D material[3, 4, 5, 6].

Not only the carrier density is tunable in graphene, but also the transport properties. By gating
the sample, one can test the proximity effect in S/G/S junctions in different transport regimes: we
have examined both diffusive short and long junctions system, and compared the proximity effect
“figure of merit”, the eRNIc product, to the theoretical predictions that involve different energy
scales (superconducting gap, Thouless energy...).

The ordinary Andreev retro-reflection at the S/N interface for the conversion of a Cooper pair
into an electron-holequasi-particle pair (or vice versa) canbecomea specular reflection inS/Graphene
interface when the Fermi level is close enough to the Neutrality point (or the Dirac point)[7]. By
comparing the supercurrent in different S/G/S junctions, we find that the specular Andreev reflec-
tion is indirectly revealed [8] (Sec.3.3.2).

The injection of Cooper pairs into ballistic 1D channels

After the first observation of normal quantumpoint contact (NQPC), the injection ofCooper pairs
into aballistic channel becamepossible. This problemwas theoretically addressedbyBeenakker and
van Houten[9] and a quantized critical current for N occupied modes is given by

Ic = N
eΔ0

~
(1.1)

if the junction is short (L/ξ0 → 0). This was observed for the first time by Takayanagi H. et al.[10].
For the opposite case of a long (L ≫ ξ0 ) ballistic S-QPC-S junction, the critical current is quan-

tized at a non-universal value
ΔIc =

T e
4πτ

, (1.2)

where T is the normal-transmission probability through the N/S interface according to BTK the-
ory, and τ is the effective travel time, if a finite barrier at the interfaces and a Fermi velocitymismatch
are considered.

For the 2DEG, in high magnetic field, the quantum Hall edge states are established, which are
also 1D ballistic channels. The injection of Cooper pairs was also considered theoretically[12] and
attempted experimentally[13, 14]. In contrast to S-QPC-S junction, the S-QHS-S junction didn’t
show a supercurrent and not even mention the critical current quantization. The trace of the su-
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perconducting effect may be the reduction of the resistance around the edges of quantum Hall
plateaus[14]. The experimental difficulties are in making the good high Hc contacts and the im-
provementof sample configuration. In graphene, however, thequantumHall regime canbe reached
at relatively low field ( 4T). Since ohmic contacts are better on graphene than on usual heterostruc-
ture 2D electron gas[15, 16], the prospect of injecting Cooper pairs into quantum Hall edge states
in graphene using highHc superconductor electrodes seemsmore favorable. That’s one of the goals
of this thesis. We are going to discuss the results in Chapter 3.

The interests of spin-orbit coupling(SOC)

The spin-orbit coupling couples an electron’s spin degree of freedom to its orbital motion. In
certain systems the SOC can be modulated by an external electric field, thus providing a conve-
nient method of spin control[17]. An important role can therefor be expected for the SOC in the
sprintronics. The SO effect is also related to triplet superconductivity. For example, Gor’kov et al.
showed that the Rashba SOC can lead to the mixing of singlet and triplet pairings in 2D supercon-
ducting system[18].

Much attention has been paid to combining the (induced) superconductivity with SOC. It leads
to a possible 0− π junction transition[19, 20] or an Andreev level spin splitting in some Josephson
junctions[21]. Even the formation of Majorana fermions[22, 23] is predicted and observed[24] in
quantum wire with strong SOC.

Another spectacular effect derived from the SOC is the quantum spin Hall effect (QSHE)[25].
The QSHE gives rise to quantized conductance in the absence of magnetic field, thus without
breaking the time reversal symmetry. The degenerate quantum Landau levels are created by the
SOC. The QSHE differs from the quantum Hall effect in that the different chirality depends on
the spin direction, i.e. the charges are spin polarized when they propagate in one direction and
polarized in opposite spin direction when they propagate in the another direction.

In this thesis, we are also interested in inducing superconducting proximity effect in different
systems with (intrinsic or induced) SOC. The basic concepts about SOC are described in Sec.2.3.

Inducing spin-orbit coupling in graphene

The intrinsic small SOC in graphene prevents the formation of a topological insulating state in
graphene[26, 27]. Many ways are considered to induce the SOC into graphene sheet for the in-
terest both in spintronics (graphene has a very long spin relaxation time) and other fundamental
researches. Deposition of adatoms on graphene has been theoretically predicted to induce SOC in
graphene[28]. This can be done with a similar vision by depositing organic metallo-molecules in
which a metallic atom is encircled by cyclic organic molecules. Various molecules have been proved
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to carry a magnetic moment when charge transfer occurs[29, 30, 31, 32]. In this thesis we use Pt-
porphyrins in THF solvent to fictionalize graphene, the molecules are expected to constitute an
ordered arrangement on graphene, with heavy Pt atoms inducing SOC in graphene.

Molecule deposition on graphene

Meanwhile, the molecule deposition on graphene is one of the approaches to controllably change
the doping in graphene[46, 44] which holds great application interests and also interesting physic
to be explored. The fact that certainmolecules serve as donors[47] or acceptors[47, 44] of electrons
can be understood by the simple HOMO-LUMO energy gap structure. However the bending of
energy bands in molecules at the interface of molecules and metal, semi-metal, insulator is well
studied in organic-semiconductor systems. Also a reduction in energy gap is observed when they
interact with substrate, metal, or graphene for vast systems[48, 49]. In this thesis, we find a dual
direction charge transfer between graphene and molecules. A auto-alignment mechanism[50, 51,
52] must be involved in this process. This may imply a more complex mechanism if the possible
charge transfer in-between themolecules, like tunneling[53] or thermally activated hopping[54, 55]
processes, are taken into count. The determination of the origin of this charge transfer is beyond
the scope of this thesis, but it will be still carefully discussed in the Appendix B.

Strong SOC in Bismuth

If one talks about spin-orbit coupling, Bismuth has to bementioned. Bismuth bulk is a semi-metal
with strong SOC. A lot of work has been done to determine the band structures in bulk, surface
(thin film), and nanowires[33, 34, 35]. Angle- resolved photoemission (ARPES) measurements[36,
37] and very recent STM and transport measurements[38] show that surface states form on certain
facets of Bi crystals (e.g. [111]). These surface states have completely different properties than Bi
bulk: higher carrier density, smaller Fermi wavelength λF, and in particular spin split bands due to
inversion symmetry breaking. In Bi nanowires, quantum confinement favors the contribution of
surface states compared to bulk states. The quantum spin Hall state is also predicted theoretically
on the Bi [111] surface[39]. The high quality Bi crystal nanowires were measured during this thesis.
They may provide the platform of the ballistic transport measurement.

Outline of this thesis

This thesis is written in 4 chapters: chapter 2 describes the important theoretical concepts and basic
physics needed to understand this thesis. It is mainly about the proximity effect, with an introduc-
tion on graphene and Bismuth. Chapter 3 and chapter 4 are both on the S/Graphene/S junctions
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and strongly related, in the sense that they share the similar physics of proximity effect and also that
the experiments are carried out on the same samples before and after the deposition of porphyrins.
In chapter 5 we show the results on S/Bi nanowire/S junctions. Due to the strong spin-orbit cou-
pling in Bi nanowire, the results are quite different from those of graphene. Different systems (sam-
ples) are realized in this thesis, in Appendix Awe address the sample fabrication procedures, as well
as our measurement system.

1. Superconducting proximity effect in pristine graphene

The full eRNIc vs ETh diagram in diffusive S/G/S junction

Before this thesis, inducing superconductingproximity effect in graphenewasproved tobepossible[40,
41, 42]. However experiments were all in the regime of near-short junction limit L . ξs). By mak-
ing different length samples, we investigate the superconducting proximity effect through graphene
from the short/intermediate junction limit to the long junction limit thus completing the diagram
of the superconducting proximity effect in graphene.

When compared to theoretical predictionwith perfect interface transmission, the experimentally
detected critical current is always smaller[40, 42, 41]. We have established a full diagram from long
junction to short junction of the behavior of our samples(Fig.1.0.1), and find that this discrepancy
always exists and depends on the junction limit. The reduction factor in the long junction limit is
10 times higher than that in the short junction.

The indication of specular Andreev reflection (SAR)

Particularly in the long S/G/S junctions, we observed an unexpected suppression of supercurrent
near theDirac point of graphene. Inmany reported experiments (for short junctions), in this regime
of gate voltage, the supercurrent was shown to be robust regardless of the presence of the charge
puddles. Excluding the thermal effect and finite transmission, we attribute this suppression to the
specular Andreev reflection (Fig.1.0.2). The field dependence of the critical current is also investi-
gated for all samples.

Injection of Cooper pairs in Quantum Hall regime

The interplay of the superconducting proximity effect and quantum Hall effect was also investi-
gated in this thesis. By using superconducting electrodes with high critical field (Hc) to contact a
graphene sheet, the injection of Cooper (Andreev quasi-particle) pairs into graphene in quantum
Hall regime becomes possible. This was considered as one of the ways to inject Cooper pairs into
ballistic quantized channels. The quantum Hall effect is generally characterized by an quantized
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Figure 1.0.3: Two wire differential resistance as a function of gate voltage for the sample with
ReW (H c > 7.5T), at magnetic fields from 0 to 7.5 T, every Tesla between 0 and
5 T, and every 0.5 T above 5 T. Temperature is 70 mK. The inset displays how
the Hall plateau at 7.5 T and VG = 14V flattens out as temperature is increased.

conductance with an integer filling factor ν which corresponds to the Landau levels. In graphene,
the quantum Hall effect is shifted by a half integer

σ =
ge2

h
(n+

1
2
)

=
4e2

h
(n+

1
2
)

(1.3)

due to the electron-hole gapless band structure: the lowest Landau level is shared by the electron
and the hole and there is no energy level at CNP[3, 4, 5, 6]. The quantum Hall effect (Fig.1.0.3)is
observed in all our samples. One of the samples has ReW as contacts which has a highHc up to 8T.
We found a zero-bias conductance increase at the edge of the QHE plateaus and some dip features
at zero bias of the dV/dI(IDC) curves between two QHE plateaus in contrast to the seen peak for
all curves taken on the plateaus (Fig.1.0.4). This is an indirect indication of the presence of the
superconducting proximity effect.

Additionally, the third harmonic differential resistance was measured at different magnetic field,
the sign of which indicates a peak or a dip feature in the dV/dI curves.
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2.Superconducting proximity effect in Porphyrin-grafted
graphene
Metallo-porphyrins molecules are known to interact with carbon based molecules with π orbitals,
giving rise to electron or hole doping. This charge exchange between the porphyrin and graphi-
tized carbon is associated to the formation of a magnetic singlet delocalized on the molecule inde-
pendently of the nature of the metallic host atom, which can be not magnetic. We investigated the
modification of low temperature transport properties of several graphene samples after deposition
of Pt-porphyrins.

Neutralization of graphene: charge transfer

Similar molecule depositions were done before[43, 44], and Raman spectroscopy implies that a
charge doping occurs in the graphene. Different kinds ofmolecules can be either donor or acceptor.
Only one experiment with STMmeasurement shows a possible inversed charge transfer from aNi-
trogen doping in graphene toH2TPPmolecule[48]. However, the transport measurement wasn’t
carried out systematically in these experiments. Our first results about the graphene grafted with
molecules shows a surprising neutralization of graphene doping due to a charge transfer(Fig.1.0.5).
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Figure 1.0.5: Gate dependence of resistance before and after the deposition of porphyrins for two
samples, (a) Nb sample, (b) G92TiAl_MC. Without porphyrins (blue curves), the
samples can be hole doped (a) and electron doped (b). After grafting porphyrins,
in both case, the Dirac point of of graphene is brought to zero, graphene becomes
neutral. This implies that charge transfer occurs between graphene and porphyrins
and the molecules can be donors (a) as well as acceptors (b) of electrons.

The process can even be manipulated by an external gate.

Induced magnetism

As a consequence of the charge transfers, the molecules can be tuned to a special magnetic state.
Based on this point of view, we investigated both normal contact samples and superconducting
contacts samples. Bymeasuring themagnetoresistance in bothperpendicular field andparallel field,
we found hysteresis in perpendicular field (Fig.1.0.6) and an asymmetric feature in parallel field
(Fig.1.0.7).

Gate dependence of the magnetism revealed by proximity effect

The basic model for the study of magnetic moment formation in metals is the well-known An-
derson impurity model[45]. Based on this model, Uchoa et al.[56] shows that the impurities in
graphene can be tuned from magnetic to non-magnetic by just changing the Fermi level (thus the
gate voltage), and vice versa. We can reveal this phenomenon thanks to the superconducting prox-
imity effect that we induce in graphene.

In short junctions (with Ti/Al contacts), we find the magnetic field dependence of the critical
current (Fraunhofer pattern) changes with the gate (Fig.1.0.8).

For the long junctions (sample connected to Pd/Nb superconducting electrodes), we observe
that, after the porphyrin deposition, whereas the Josephson current is unaffected in the hole doped
region, it is strongly quenched in the electron doped one (Fig.1.0.9). We relate this quenching of
the Josephson current to the formation of magnetic moments on the ionized porphyrins. This
magnetism is also revealed by a sizable hysteretic magnetoresistance in the electron doped region
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). All the curves’ minimum is shifted to zero.
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Figure 1.0.9: Change from bipolar to unipolar induced superconductivity upon depo-
sition of Pt-porphyrin. Color-coded differential resistance as a function of dc
current (y axis) and gate voltage (x axis), measured with a small ac current added
to the dc current. The dark red regions correspond to that of zero differential
resistance where a Josephson supercurrent runs through the S/graphene/S junc-
tion. Whereas the Josephson effect occurs symmetrically on both sides of the
Dirac point on the pristine, uncoated sample (a, T=200 mK), it only occurs on
the hole doped side (negative VG ) on the sample covered with porphyrins (b, T
= 100 mK). The curves on and to the left of the color plots are the differential
resistance curves as a function of dc current, measured at gate voltages symmetric
with respect to the Dirac point.

(Fig.1.0.6). It is absent in the hole doped region. This spectacular effect of the critical current in
long junction sample may be due to it’s high sensitivity to magnetic field.

We explain these results by a long range RKKY interaction between the molecules, mediated by
the charge carriers in graphene, leading to a collective magnetic order in porphyrins.

3. Superconducting proximity effect in Bi nanowires

At low temperature (100 mK) and zero field, we induced superconducting proximity effect in dif-
ferent Bi nanowire junctions by making tungsten contacts. The critical current is between 100nA
and 1μA depending on the wire resistance and contact resistance.

Persistent supercurrent up to 11T

The tungstenwires have very high critical temperatureTc ∼ 4K andhigh critical fieldHc ∼ 12T. We
find that the induced superconducting state in Bi nanowires persists up to 11T (Fig.1.0.10). That’s is
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Figure 1.0.10: dV/dI curves at different field of Bi3 The differential resistance as function
of DC current curves are taken at different magnetic field from 0T to 11T at
600mK. The supercurrent is still very visible at 11T.

contrary towhat is expected for the field dependence of the critical current in long nanowires which
decreases on a scale of about a few hundred Gauss.

SQUID-like oscillations and large range modulation in critical current

The samples exhibit SQUID-like oscillations in critical current over a magnetic field range from 0
to 9T. In addition, the SQUID-like oscillations are modulated on a large field scale of the order of
1T (Fig.1.0.11). As predicted and measured, the strong SOC and confinement in Bi nanowires may
result in the formation of particular edge states. We then attribute the SQUID-like oscillations to
strong confined 1D edge states along certain facets of the nanowire, and the large scale modulation
to the Zeeman effect.
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2
Theoretical concepts

How does superconducting Proximity effect happen? Andreev bound states play the
role of intermediate states between two superconducting electrodes linked by a normal metal or an
insulator. How does it change when a magnetic field is applied?
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2.1 Proximity effect

The proximity effect describes the phenomena that a occur when a superconductor (S) is placed
in contact with a non-superconductor (”normalmetal”, N), and superconducting properties

are induced in the N due to the propagation of correlated particles from the superconductor to
the normal metal. This can lead to a zero resistance if the normal part is connected to two super-
conductors (SNS junction). This phenomenon was first described theoretically by Josephson, and
is named the Josephson effect. This effect manifests itself in a non-dissipative dc current flowing
through the Josephson junction at zero voltage. Atweak coupling, e.g., in the S-I-S casewhere a thin
insulator separates the two superconductors, the Josephson current can be expressed as Is = Ic sin δ,
where δ is the phase difference between the two superconducting condensates and the maximum
supercurrent Ic is called the critical current.

We first describe the S-I-S junction, then showhowtheproximity effect is changedwhen anormal
metal replaces the insulator as a coupling material. In particular, we discuss the Andreev bound
states (ABS) that carry the supercurrent.

2.1.1 DC and AC Josephson effect[57]

The simplest way to understand the existence of a supercurrent is to include a coupling K between
the two S wave function , each with their own phase θi. Suppose we have a SIS junction. We define
Ψ1 andΨ2 as the quantummechanicalwavefunction of the superconducting state in the left and the
right superconductor, respectively. The dynamics of the two wavefunctions are then determinated
by the following coupled Schrödinger equations:

i~
∂Ψ1

∂t
= μ1Ψ1 + KΨ2

i~
∂Ψ2

∂t
= μ2Ψ2 + KΨ1

(2.1)

where K is a constant representing the coupling across the barrier and μ1, μ2 are the lowest energy
states on either side.

In a simple way the wavefunctions can be written as

Ψ1 =
√
n1eiφ1

Ψ2 =
√
n2eiφ2

(2.2)

where n1, n2 are the density of Cooper pairs and φ1, φ2 are the phases. Substituting equation (2.2)

30



CHAPTER 2. THEORETICAL CONCEPTS

in to (2.1) gives

~
∂n1
∂t

= −~
∂n2
∂t

= 2K
√
n1n2 sin(φ2 − φ1)

− ~
∂

∂t
(φ2 − φ1) = μ2 − μ1

(2.3)

Let’s check the transport properties in this structure. The time derivative of the density of the
Cooper pairs describes a current and thus I = ∂n1

∂t . If a voltage V is applied between the junctions
the energy levels will shift by μ2 − μ1 = 2eV. Then we get

I = I0 sin φ DC (2.4)
∂φ
∂t

=
2eV
~

AC (2.5)

By writing I0 = 2K
√
n1n2/~ and φ = φ1 − φ2. Equations (2.4) and (2.5) represent the main results

of the general theory of the Josephson junction. Eq. 2.4 shows that at zero bias, a non-dissipative
(DC) supercurrent flows through junction modulated by the phase difference between two super-
conductor electrodes. Once one applies a voltage bias V at the two sides of the junction, the phase

difference δ varies with a frequency
2eV
h

, induces a same frequency AC supercurrent in the junc-
tion. These are the so-called DC and AC Josephson effect. This strong non-linear current-voltage
behavior is the origin for many different physical phenomena.

2.1.2 Andreev reflection

Because of the existence of an energy gap at the Fermi energy in the density of states of the supercon-
ductor, the transfer of single quasi-particle states with an energy ε below the gapΔ is forbidden for a
direct transfer of charge. However, another type of transfer is possible when higher order processes
are allowed. Andreev showed [58] that an incoming electron can be transferred into the supercon-
ductor if a second electron is also transferred through the interface thus forming a Cooper pair into
the superconductor. In terms of single excitations, this process is equivalent to the reflection of a
hole(Fig.2.1.3).

NS interface: retro-reflection

When an incident electron arrives at the NS interface, a hole will be reflected back with an opposite
motion. This curious feature was noticed by Andreev. It was observed in particular by Benistant
et al. [59] in an experiment with a pure silver single crystal. The Andreev reflection is a perfect
retro-reflection only for electrons incident at the Fermi energy. When the energy is above the Fermi
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Figure 2.1.1: Josephson junctions. (a) Weak link Josephson junction (S-I-S), different phases
in two electrodes. (b) Ballistic SNS junction. (c) Diffusive SNS junction. The
coherent quasi-particles pair has same trajectories with time reversal symmetry.
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Figure 2.1.2: Retro-reflection at the N/S interface. An electron at kF + δk/2with a excitation
energy of ε above the Fermi energy εF will be reflected as a hole at −kF + δk/2
with an energy of εF − ε. a) one dimensional case b) two dimensional case.

energy[60], the incident electron (EF + ε,kF + δk/2) and the reflected hole (EF − ε, −kF + δk/2)
have differentwavelengths in the normalmetal. Thewavevectormismatch is linear in energy : δk =
2ε/~vF(Fig. 2.1.2). The Cooper pair has energy 2EF, so that the energy is conserved. Incident and
reflected quasiparticles have approximately equal wave vectors but opposite direction ofmotion (as
follows from the opposite sign of the group velocity ε/~dk for the electrons andholes). Momentum
is conserved up to the terms of order ~

∣∣ke − kh
∣∣ . ~/ξ0, with ξ0 ≡ ~vF/πΔ0 the superconducting

coherence length[61]. Once a hole is reflected, it can catch a phase at the interface: η = Φ +

arccos(ε/Δ), whereΦ is the phase of the superconductor.
This retro-reflection occurs inmost cases, but aswewill show further, another, so called specular,

reflection can occur at S/graphene interface.

SNS junction - Andreev Bound state (ABS)

In anSNS junction, theAndreev reflectionoccurs at the twoNS interfaces. These reflections impose
phase dependent boundary conditions on the eigenstates in theN regionwhich are coherent super-
position of electron and hole wave functions. In another word, standing waves will be formed in
the normal part and lead to a quantization of excitation energy levels. We call these standing waves
as “Andreev bound states (ABS)”.

Let us consider the simplest case of a ballistic junction. As a first approximation, we assume in a
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Figure 2.1.3: Andreev bound state. An Andreev pair formed with an electron and a hole is
confined in between the energy of ±Δ. They require the constructive interference
between the electron and the hole. Inspired from [63]

ballistic region of length LN [61]:

Δ(rrr) =


Δ0eiφ1 , if z < 0
0, if 0 < z < LN

Δ0eiφ2 , if z > LN

(2.6)

The bound states for ε < Δ0 may be found by equating the phase shift acquired on a single
round trip to an integer multiple of 2π. The resulting condition is [58, 62]

2εLN

~vF cos θ
− 2 arccos

ε
Δ0

± Δφ = 2πm

m = 1, 2, ...
(2.7)

where Δφ ≡ φ1 − φ2 ∈ (−π, π) and θ is the angle with the normal to the N/S interface. The
± sign corresponds to the two directions of motion of the electron (or hole). For ε ≪ Δ0 the
spectrum depends linearly on δφ, according to ε = [(2m+ 1)π∓ Δφ] ~vF cos θ/(2LN) (Fig.2.1.3).
The first term is the phase cumulation during the propagation in the normal part, 2Δk · LN/ cos θ.
The second term comes from the Andreev reflection at the interface.

Long junction limit: For LN ≫ ξ0 the energy spectrum of the SNS junction depends sensi-
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ba

Figure 2.1.4: Spectrum of Andreev bound state. a) Short ballistic junction with (solid) and
without (dotted) the presence of impurity (From Ref.[65]). b) Long ballistic
junction. The discrete Andreev levels are shown with (solid) and without (dashed)
the presence of an impurity. In both (a) and (b), an energy gap is opened in this
quasi-particle spectrum. (From Ref.[65]).

tively on LN. The Josephson current is a linear function of Δφ with a critical current given by
Ic = αG~vF/eLN where α is a numerical coefficient of order unity (dependent on the dimension-
ality of the system) and G is the normal state conductance of the SNS junction (Fig. 2.1.4b). The
dependence of Ic on the junction geometry (through LN) is characteristic of the case LN ≫ ξ0, and
persists if the SNS junction contains a constriction of the normal region.[64]

Short junction limit:In the opposite limit LN ≪ ξ0, only a single bound state for each of the
N transverse modes remains, at energy ε = Δ0 cos(Δφ/2) independent of LN (Fig. 2.1.4a). The
supercurrent is given by the sum of the contribution of the energy levels. This result implies a zero-
temperature Josephson current

I(δφ) =
∑
n

fnin, in = −∂εn
∂φ

= −N
2e
~

dε
dδφ

= N
e
~
Δ0 sin(δφ/2) − π < δφ < π

(2.8)

and critical current
Ic = N

e
~
Δ0 (2.9)

Both of which are independent of LN.
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Multiple Andreev Reflection (MAR)

If one applies a small voltage bias between the two superconducting electrodes, the junction is in
the non-equilibrium state, and there is no more supercurrent. However, another consequence of
the Andreev reflection can be observed. As shown in Fig. 2.1.5(c) and (d), multiple reflection of the
quasi-particles can happen at all small bias voltage below the gap. Once the integer times of the bias
energy neV is equal to the gap 2Δ, because of the high density of states near the gap, an enhanced
conductance can be observed. This is so-calledmultiple Andreev reflection (MAR).With this effect
we can determine the gap in our samples.

The consequences of Andreev reflection on the current voltage characteristics of a S-N junction
were studied in detail in the so-called BTK theory[11]. The barrier strength was characterized by
a simple parameter Z ranging from 0 for a perfect metallic contact to ∞ for a low transparency
tunnel barrier. With this definition, the transparency reads t = 1/(1 + Z2). The Andreev process
is significant when the transparency of the barrier is high. For a perfect contact (Z = 0) the sub-gap
conductance was found to be twice the normal state conductance thus demonstrating the double
charge transfer.

Diffusive SNS junction

Disorder changes strongly the ABS spectrum by lifting the degeneracies. The spectrum becomes
quasi-continuous (see Fig. 2.1.6), with several striking features: a gap is induced in the spectrum
which is modulated by the phase difference δφ. It closes at δφ = π. The amplitude of the induced
gap depends on the junction length: in the short junction limit (L ≪ ξs), it equals to the gap Δ; in
the long junction limit (L ≫ ξs), because another characteristic energy, so-called Thouless energy is
involved to the system due to the disorders, there is an induced mini-gap (3.5ETh ≪ Δ) inside the
normal metal.

The transport properties in a diffusive metal can be described by a diffusion characteristic time

τD =
L2

D
in which electrons can travel through the metal and ”feel” the edges (D is the diffusion

constant of the metal). Then the characteristic energy, Thouless energy, is given by ETh =
~
τD

=

~D
L2 . In different limits, the characteristic energies (ETh,Δ, ET = kBT) have different scales, and the
properties of the a SNS junction are changed depending on these energies.

At sufficient low temperature, ET ≪ ETh,Δ, the thermal effect is very small. The supercon-

ducting coherence length in a diffusive junction is given by: ξs =
√

~D
Δ

. By considering different
energy scales, the SNS junction can be placed from short junction limit (Δ ≪ ETh, ξs ≫ L) to long
junction limit (Δ ≫ ETh, ξs ≪ L). Ferrier et al. calculated the ABS spectrum (Fig. 2.1.6) of short
and long junctions.
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Figure 2.1.5: Andreev reflection, Multiple Andreev reflection(MAR) processes. (a) Retro-
reflection process at the N-S interface. (b) charge transfer in the normal state.
When the bias energy eV is higher the gap 2Δ, the transport is supported totally
by the quasi-particles, thus there is no more superconducting state (supercurrent,
zero resistance) inside the normal part. (c) and (d) multiple Andreev reflection
with 2 and 3 times reflections in below the gap. Inspirited from Ref. [66]
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a b

φφ

Figure 2.1.6: Numerical simulation of the Andreev bound states spectrum for diffusive SNS
junction. The spectrum becomes continuum. a) In short junction limit. b) In
long junction limit, Andreev bound states leads to the emergence of a phase-
dependent minigap which is much smaller that the superconducting gap Δ. From
Ref. [67]

To estimate the strength of the superconducting coherence in the SNS junction, we compare
the product eRNIc and the characteristic energies. Fig.2.1.7 present the global feature of the relation
between them from short junction limit to long junction limit.[68] In the long-junction limit, at
zero temperature the product eRNIcis predicted to be proportional to ETh:

eRNIc(T = 0) = 10.82ETh (2.10)

In the short junction limit, the product is fixed to the gap with a constant factor:

eRNIc ≈ 1.326πΔ/2. (2.11)

From the numerical results in Fig. 2.1.7, it confirms that it is the minimum of the gap Δ and the
Thouless energy ETh that limits the critical current in diffusive S-N-S junctions. At ETh ∼ Δ, the
critical current value remains close to the short-junction case. For usual normalmetal SNS junction,
one sample shows one point in this relation. However, in S/graphene/S junction, this relation can
be tested in a finite range in one sample just by changing the gate voltage thanks to the tuneability
of the Fermi level in graphene.

In real experiment, the critical current is often smaller than the prediction in ideal situation. The
reasons are various: finite temperature can always suppress exponentially the critical current; inelas-
tic disorders in the junction like magnetic impurity can decrease the coherence length lφ inside the
N, upon which the electrons can keep their correlation during the propagation[69]; particularly in
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Figure 2.1.7: Calculated dependence of the zero-temperature eRNIc product in units of D as a
function of the ratio ETh/Δ. Ic is the Josephson critical current, RN the normal-
state resistance, ETh is the Thouless energy, and D is the superconducting gap
of S. The long-junction regime is on the left part of the graph where ETh < Δ,
the short-junction regime is on the right part where ETh > Δ. The dashed line
corresponds to the limit of the eRNIc product of short junction at T = 0. From
Ref. [68].
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graphene, near Dirac neutral point, the specular Andreev reflection can lead to strong suppression
of critical current[8]; etc...

2.1.3 Effect of magnetic field in proximity effect

Themagnetic field changes the Andreev pairs’ phase in two ways, via both orbital and spin dephas-
ing effect.

Just consider the interaction between the magnetic field and the spin, the Zeeman energy can be
given as Ez = gμBHHHσσσ, where μB is the Bohr magneton, σ is the spin and g is the Landé g-factor. The
dephasing due toZeeman effect is givenbyEZ/τ. TheZeemandephasing is usually small comparing
to orbital effect, but in some special material with high g factor (like Bismuth), the Zeeman energy
dephasing is comparable to orbital dephasing. The dephasing due to Zeeman energy canmodulate
the critical current, which is similar to the Ic oscillation in SFS junction.[70, 71, 72]

By controlling themagnetic field and different dephasing effect, the Josephson effect inmagnetic
field can be a beautiful tool to exhibit interference effects, manifestations of the phase coherence
of the superconducting states in proximity effect. For example a single Josephson junction with a
finite width exhibits an interference pattern reminiscent of the diffraction (Fraunhofer) pattern of
a slit.[73]

A supercurrent flowing through a junction between two superconductors is given by the gauge
invariant Josephson relation

I(δ) = I0 sin
(
δ− 2e

~

∫
AAA · dlll

)
(2.12)

where δ is the phase difference between the two superconductors by taking into count the effect of
normal part (discussed in Sec.2.1.2 and Sec.2.1.2). More generally, the Josephson current resulting
from all current paths has the form

I(δ) = I0
⟨
sin

(
δ(C)− 2e

~

∫
C
AAA · dlll

)⟩
C

(2.13)

where< · · · >C denotes the average over all current paths through the junction. As choosing the
same circulation above, the phase difference does not depend on x and is donated δ0. Then the
current can be rewritten as

I(δ) = I0
⟨
sin

(
δ0 −

2e
~

∫
C
AAA · dlll

)⟩
C

(2.14)
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Figure 2.1.8: Schema of a Josephson junction in a perpendicular field.

assume the phase difference to be zero so that one can write the critical current Ic = max[I(δ)] as

Ic = I0

∣∣∣∣∣∣
⟨
e
−i
2π
φ0

∫
C AAAdlll

⟩∣∣∣∣∣∣ (2.15)

or, in a gauge independent form:

Ic = I0

∣∣∣∣∣∣∣
⟨
e
−i
2πφ(C)
φ0

⟩∣∣∣∣∣∣∣ (2.16)

Up till now, we assume a constant phase in the S, but it is not true if a magnetic field is present.
Let’s start with a simple case as a ballistic SNS short junction in a uniform perpendicular field. The
magnetic field is along the axis ẑ asB(x)ẑ in the plan of the junction (see in Fig. 2.1.8). The potential
vector in the Landau gauge is

AAA = −B(x)yx̂ (2.17)

In the junction, B(x) varies slightly, we assume it makes no difference along x axis, and at every side
B decreases as exp(x/λ). If we integrate

∫
AAA · lll around a tour (red) 1 → 4 → 1 as drown in Fig.

2.1.8. As we assumed before, the terms of
∫ 3
2 and

∫ 1
4 count for zero. And one can chose the gauge
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to get term
∫ 4
3 to be zero. Then the phase difference that induced by the magnetic field is∫ 1

2
Axdx = B0yl, (2.18)

where l = 2λ(T) + d, λ(T) is the London penetration length. The current has to be summed on
the current paths

Ic = I0

⟨
e
−
2iπ
φ0

Byl
⟩

=
I0
w

∫ w/2

−w/2
e
−
2iπ
φ0

Byl

dy (2.19)

leading to a total critical current:

Ic = I0

∣∣∣∣ sin πφ/φ0
πφ/φ0

∣∣∣∣ (2.20)

where φ = BwL. Nomatter how different the phase is, the current becomes zero each time the flux
in the junction is an integer number of quantum flux. This form is known as Fraunhofer diffraction
pattern by analogy with the spectrum of light passing through a narrow rectangular slit.

We can generalize this Fraunhofer pattern interference in ballistic junction: at a fixed magnetic
field, the total critical current through the Josephson junction is a phase sensitive summation of su-
percurrent over the width of the junction. Along the y axis, the current obtains its own phase. This
looks like optical trajectories induced phase cumulation in optical Fraunhofer pattern. Suppose
we have a supercurrent density profile JS(x). Then its complex Fourier transform yields a complex
critical current function Ic(β)[74]

Jc(β) =
∫ −∞

∞
dxJS(y)eiβy (2.21)

where the normalized magnetic field unit β = 2π(L + λ)B/Φ0, λ(T) is the London penetration
length and the magnetic flux quantum Φ0 = h/2e. In the case above, it just takes a homogeneous
current density distribution Js(y) = cst.

A two channel edge states can cause strong interference pattern in large rangemagnetic field. See
in Appendix for different cases calculation[75].

The critical current decays with the magnetic field despite the interference oscillations. The
physic behind this decay can be described as a phase accumulation. The dephasing accumulated
along diffusive trajectories is characterized by the average ⟨e−iφt⟩C along all diffusive paths C in the
junction[73]. Since diffusion is a Gaussian process, the average over trajectories of a given length (a
given diffusion time t) is ⟨

e−iφt
⟩
C = e

−
1
2⟨

φ2t⟩C (2.22)
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where the average is given by
⟨
φ2t
⟩
C =

4π
Φ2

0
A2 ⟨x2t ⟩C for quasi-1D diffusive junction (A is an average

taken from transverse direction A2 ∝ B2). Immediately we can write ⟨e−iφt⟩C = et/τB as the phase

factor averaged along all trajectories of time t, where
1
τB

=
π2Dω2B2

3Φ2
0

. If we estimate the average

travel time in a diffusive system is τD, we get

et/τB ∼ eαΦ/Φ0 (2.23)

where α is a prefactor related to the junction geometry,Φ is the flux included innormalmetal part.
In general, the critical current in a SNS junction decays in magnetic field when the flux included is
the order ofΦ0.

The geometry effect in the field dependence

In general both the phase varies on the S electrodes (y direction) and along the N metal (x direc-
tion). They could both contribute and kill interference. Much more complicated than what we
showed above, the total critical current can be affected by the current density distribution as well as
the geometry of the junction. The geometry-related magnetic interference patterns were observed
experimentally[76, 77] and discussed theoretically[78, 73].

We can show first two extreme limits:

Narrow-junction limit In the limit in which the widthW is comparable or smaller than the
magnetic length ξH =

√
Φ0/H (in some cases, simply L ≫ W). In both Ref. [78] and [73], they

showed amonotonicGaussian-like decay in field dependence of critical current(Ic(B)). InRef. [73],
the exact expression was given:

Ic = Ic(0)

π
√
3
Φ
Φ0

sinh
(

π
√
3
Φ
Φ0

) (2.24)

Wide-junction limit For a sufficiently wide junction (W ≫ ξH, L) one can re-find the mag-
netic field dependence of the supercurrent as follow

I(H, φ) = Ic(H = 0)
∫ 1/2

−1/2
dỹ sin(φ− 2s̃y)

where φ is the non-gauge invariant superconducting phase difference and Ic(H = 0) is the critical
current at zero field. As a consequence, the critical current in the wide junction limit exhibits, as
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Figure 2.1.9: Critical current vs. magnetic flux in the weak proximity limit for a wire length
L = 8ξ and a temperature kBT = 0.01Δ. The different curves correspond to
different values of the width of the wire, W. The inset shows a comparison between
the critical current for a width W = 200ξ and the Fraunhofer function (From Ref.
[78])

expected, the well-known Fraunhofer pattern which is described by the expression

Ic(H)
Ic(H = 0)

=
|sin(πΦ/Φ0)|

πΦ/Φ0
(2.25)

Fig. 2.1.9 shows the field dependence of different aspects ratio junctions. The interference pattern
is tunned from a Gaussian-like decay for narrow junction to a Fraunhofer pattern interference for
wide junction. The transition seems to happen when the width of the normal part of the junction
is comparable to the magnetic length ξH. This behavior is intimately attributed to the appearance
of a linear array of vortices in themiddle of the normal wire, the properties of which are very similar
to those in the mixed state of a type II superconductor.
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2.2 Graphene

Since the first graphene was isolated byNovoselov&Geim’s group in 2005[79], the graphene is ex-
tensively studied . In this natural 2Dmaterial, whichhas a special band structure, electrostatic gating
can tune the density of carriers and change the sign of their chargewhen the electron-hole symmetry
point (Dirac point) is crossed. It can be described only by relativistic quantum physics. The elec-
tron transport is essentially governed by the Dirac’s (relativistic) equation and the electrons in the
graphene can be considered as massless 2D Dirac Fermions. Some special properties are revealed in
transport measurement of the half-quantum Hall effect[3, 4, 5, 6], Klein tunneling[80, 81, 82, 83]
etc.

2.2.1 Band structure[ref. cours M2]

The original properties of graphene are due to its special lattice structure. Graphene is made out of
carbon atoms arranged in hexagonal structure, as shown in Fig. 2.2.1. hybridisation. The honey-
comb lattice is not a Bravais lattice because two neighboring sites are not equivalent. The structure
can be seen as a triangular lattice with a basis of two atoms per unit cell. The lattice vectors can be
written as:

a1 =
a
2
(
√
3, 3), a2 = a(

√
3, 0) (2.26)

where a = 1.42̊A is the carbon-carbon distance. The reciprocal-lattice vectors are given by:

a∗1 =
2π
a
2
3
(0, 1), a∗2 =

2π
a
2
3

(√
3
2
,− 1

2

)
(2.27)

which forms also a honeycomb structure in reciprocal space. What is particularly important is that
there are two points K and K′ at the corners of the graphene Brillouin zone BZ. These are named
Dirac points. Their positions in momentum space are given by

K =

(
2π

3
√
3a
,
2π
3a

)
,K′ =

(
− 2π
3
√
3a
,−2π

3a

)
= K (2.28)

The three nearest-neighbor vectors in real space are given by

δ1 =
a
2
(
√
3, 1) , δ2 =

a
2
(−

√
3, 1) , δ3 = −a(0, 1) (2.29)

If V(rR) is the potential of an arbitrary atomic site, we can write the Hamiltonian of an electron in
the graphene as :

H =
p2

2m
+ V(r− R) + V(r− R− δ) (2.30)
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a1

a2

δ1

δ2

δ3 a = 1.42Å

: A sublattice : B sublattice

y

x

a

BZ

K

K’

b
a1*

a2*

Figure 2.2.1: Honeycomb lattice and its Brillouin zone. a: lattice structure of graphene, made
out of two inter-penetrating triangular lattices (a1 and a2 are the lattice unit
vectors, and , δi= 1,2,3 are the nearest-neighbor vectors). The cell is indicated by
green dashed line. b: corresponding Brillouin zone. The Dirac cones are located
at the K and K’ points.
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δ can be any one of the nearest-neighbor vectors. For the following calculation, we choose δ = δ2.
V(rR) + V(rRδ) presents the potential of the two sublattices in graphene.

These are two atoms in a cell of graphene, each of them can be presented as a wavefunction∣∣∣ϕA/B
k (RRR)

⟩
. According to the Bloch’s theorem, the wavefunction of graphene can be written as a

linear combination of the two wavefunctions :

|Ψk >=
1√
N

∑
R

eikkk·RRR
(
ak
∣∣φAk (RRR)⟩+ bk

∣∣φBk (RRR)⟩) (2.31)

and we multiply a ⟨Ψk| |at left with the Schrödinger equationH|Ψk >= E|Ψk >, we can get:

Ek ⟨Ψk|Ψk⟩ = ⟨Ψk|H |Ψk⟩ (2.32)

After diagonalizing the equation, one can get

Ek(a∗kak + b∗kbk) = taaa∗kak + taba∗kbk + t− bab∗kak + tbbb∗kbk (2.33)

tij is the factor for the diagonalization. Then we calculate respectively the partial derivations of
∂

∂ak
and

∂

∂bk
the equation:

Eka∗k = taaa∗k + tbab∗k
Ekb∗k = taba∗k + tbbb∗k

(2.34)

we present it in a matrix: ∣∣∣∣∣ taa − Ek tba
tab tbb − Ek

∣∣∣∣∣ = 0 (2.35)

The solution to it is

Ek =
taa + tbb ±

√
(taa + tbb)2 + 4tabtba

2
(2.36)

Considering that tab = t∗ba and taa = tbb, Ek =
2taa ±

√
4tabt∗ab

2
= taa ± |tab|. We rewrite the

Hamiltonian as
H = H0 + ΔH (2.37)

Then by applying tight-band approximation and defining

t0 =
⟨
ϕA/B
k (R)

∣∣∣ΔH ∣∣∣φA/Bk (R)
⟩

on the same atom

t = N−1 ⟨ϕB
k (R

′)
∣∣ΔH ∣∣φAk (R)⟩ Jump to a nearest-neighbor

(2.38)
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Figure 2.2.2: Electronic dispersion in the honeycomb lattice. a) Left: energy spectrum in units
of t for finite values of t, with t = 2.7eV . Right: zoom in of the energy bands
close to one of the Dirac points; b) Sample JN gate dependence of resistance.
Different region for different doping in charge carriers. The Dirac point is at
+10V.

only if the R and R’ are nearest-neighbors. Then we can get

taa = N−1
∑
RR′

exp(ikkk(RRR− RRR′)) [E0δR′R + t0δR′R]

= E0 + t0
(2.39)

in the same way, we get tab =
∑

RR′ exp(ikkk(RRR− RRR′))t, if R′(A) and R(B) are nearest-neighbors.

tab = t
[
1+ e−ikkk·aaa111 + e−ikkk(aaa222−aaa111)

]
(2.40)

The energy eigenvalue is E±
k = E0+ t0+ |tab|. We give the dispersion relation in Fig. 2.2.2.aWe can

find that there are 6 points at which the conduction band touches the valence band. If we develop
the dispersion relation around any of the 6 points, we can find that

E±
k =

3
2
ta
√
(Δx)2 + (Δy)2 = ±3

2
taq = ~vFq (2.41)

according to the experimental measurement,t ≈ 2.7eV, Fermi velocity vF =
3
2
~ta ≈ 1× 106m/s.

Due to this special band structure, one can tune the charge density by applying a gate voltage,
which actually changes the Fermi energy EF.
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2.2.2 Specular Andreev reflection in graphene[7]

The electron and the hole should be taken at opposite corners of ±K of the Brillouin zone of
graphene, inorder tohave a zero totalmomentum. Andreev reflection in graphene therefore switches
the valleys.

If ε < EF , both electron and hole are in the conduction band, so that there is an intraband
reflection. For the ε > EF , the reflected hole has to be in the valence band, leading to an inter-
band reflection. Particularly in an undoped graphene(Fig. 2.2.3a), EF = 0, Andreev reflection is
interband at all energies scale of ε. In usual metals the interband Andreev reflection does not exist,
because the Fermi level is far from the valence and conduction transition energy.

The intraband reflection in graphene is similar to the retro-reflection that we discussed in Sec.??.
Let us discuss the interband reflection case. The linear dispersion relation in graphenemay be writ-
ten in terms of the excitation energy ε = |E− EF|,

ε =
∣∣∣EF ± ~v(δk2x + δk2y)

1/2
∣∣∣ (2.42)

The ± sign distinguishes excitations in the conduction and in the valence band. The electron
comes from the positive x (Fig. 2.2.3b).

The reflection imposed conditions:

δkey + δkhy = 0, εe + εh = 0

vex = −vhx
(2.43)

The derivative ~−1 dε
dδkx

is the value vx of the velocity in the x-direction, and keeping in mind

that the slope has opposite sign when the hole is reflected in a valence band. Considering all the
conditions, there is an only solution for the reflected hole which is shown in Fig.2.2.3b).

So we can say that, in graphene, the intraband Andreev reflection leads to retro-reflection, while
interband Andreev reflection leads to specular reflection.

2.2.3 QHE in graphene

In two dimensions, when electrons are subjected to a magnetic field they follow circular cyclotron
orbits. If the magnetic field is strong enough and the mobility of the electrons is high, the electrons
can complete a circle. Due the quantum periodic condition, the circular cyclotron orbits have to be
quantized, thus the energy of the orbits is also quantized as[84]:

En = ~ωc(n+ 1/2) (2.44)
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Figure 2.2.3: Interband reflection. a) Interband reflection in case of undoped graphene. Elec-
tron and hole excitations in the conical band structure of graphene filled and empty
circles at energies EF ± ε), converted into each other by Andreev reflection at a
superconductor. In this case, EF = 0, the electron in the conduction band is con-
verted into a hole in the valence band with same energy. Inspired from Ref.[7].
b) specular Andreev reflection 2D at the interface between undoped graphene
and a superconductor. Left: in k space, an electron (blue particle) with an exci-
tation energy ε on the conduction band (dotted red circle) is reflected as an hole
(yellow particle) on the valence band (dotted blue circle. Right: in real space, an
incident electron is reflected as an hole at the interface of undoped graphene and
superconductor, exhibits a specular Andreev reflection.
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Figure 2.2.4: Landau levels of quantum Hall effect. The degenerate Landau levels are bended
at the edge and the conducting edge channels are formed at the Fermi level (red
line) with opposite motions.

ωc is the cyclotron frequency. The quantized energy levels are known as theLandau levels. In strong
magnetic field, the quantized Landau levels are highly degenerate. The degeneracy of each level is
given by the filling factor ν = Φ0/Φe, where Φ0 = h/e is the flux quantum, Φe = B/n0 is the flux
per electron. Because of the quantum confinement, these Landau levels are bended at the edge of
the 2D sample (Fig.2.2.4). So the conducting Landau levels are localized at the edge of the sample.
In the conventional QHE system, the conductance can take the quantized values

σ = ν
e2

h
ν = 1, 2, 3, ...

(2.45)

This is the conventional integer quantum Hall effect. The prefactor ν is known as the “filling
factor”.

In graphene, the linear dispersion relation and “relativistic” electron dynamics give the Landau
level energy a different expression from usual 2D electron gas[85, 86]:

En = sgn(n)
√

2e~v2F|n|B (2.46)
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Figure 2.2.5: A schematic diagram of the Landau level density of states (DOS) and correspond-
ing quantum Hall conductance (σxy) as a function of energy. The LL index n is
shown next to the DOS peak. From Ref.[6].

the integer n represents an electron-like(n>0) or a hole-like (n<0) LL index. This causes a special
half-integer quantum Hall effect in graphene[6, 87]:

σ =
ge2

h
(n+

1
2
)

=
4e2

h
(n+

1
2
)

(2.47)

Each LL has a degeneracy g = 4, since there are two spin degeneracy and two sublattice degeneracy

(pseudo-spin). when a Landau level(LL) is crossed, the conductivity changes by
4e2

h
. But we can

note that, the lowest hole (N= -1, ν = −2) and the lowest electron (N=0,ν = +2) LLs don’t have a
4e2

h
increase but a half (the origin of the name: Half-QHE):

2e2

h
(Fig.2.2.5).

Time-reversal invariance guarantees electron-hole symmetry; σxy is therefor an anti-symmetric
function when the Fermi energy crosses the Dirac point[6, 85]. In graphene, the n=0 LL is uni-
versal (E0 = 0 for all magnetic field)[85]. Thus the electron and hole share the first LL and the
conductance plateau is situated at±ge2/2h.

2.2.4 Sample characterization: Electric field effect

In our experiments, the graphene samples are at the same ground as gate voltage. There is capaci-
tance is formedbetween the graphene and doped Si substrate. When there is a voltage difference im-
posedbetween the two layers, therefore, the charges can accumulate at both the surfaces of graphene
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and Si. By changing VG we can shift continuously the Fermi energy, thus the charge density. This
leads to a change in the conduction properties of graphene, a so-called electric field effect.

From the gate dependence of resistance, we can deduce the variation of mean free path le, dif-
fusion coefficient D and the Thouless energy ETh = ~D/L2. Using the capacitance model, the
number of carriers induced by a gate voltage is given by

NC =
C |VG − VD|

e
=

εrε0A
ed

|VG − VD| ≈ 7.1× 1014A|VG − VD| (2.48)

A is the area of the sample, VD is the voltage corresponding Dirac point in the sample, usually εr =
3.7 for the SiO2 ε0 = 8.85× 10−12F · m−1 is the dielectric permittivity, d = 285nm or 300nm in our
cases. This relation shows a very important fact that the number of the carrier is tunable with the
gate voltage.

On the other hand, the number of carriers can be also expressed by

NC = g
∑
k≤kF

≈ gA
∫
k≤kF

d2k
(2π)2

=
gA
4π2

2π
∫ kF

0
dk · k = gA

4π
k2F (2.49)

in the case of graphene, the degeneracy g = 4 (2 for the spin, 2 for the degeneracy of valley or
pseudo-spin), and we can deduce that kF =

√
πnC (nC is the carrier density per unit area ). Thus

we have kF = 4.75 × 107 ×
√
VG − VDm−1 for d = 285 nm. The density of state ν(EF) =

∂N
∂E

=

2kF
~vFπ

≈ 2.87× 1035
√
VG − VD.

We know the resistance R = ρ
L
W

, and ρ−1 = ν(EF)e2D,D = 1
2vFle, then we get

G =
2e2

h
W
L
kFle (2.50)

In ours samples, the le can vary from 50 nm to 90 nm for different gate voltage(charge density)
and different contacts but they are all much shorter than the sample dimensions which places our
samples in the diffusive regime.

2.2.5 Determination of the contact resistance

Since the mean-free path of the graphene in our samples is short (<100nm), our samples are all in
diffusive regimewhich restrict the contacts to be very close in order to induce supercurrent through
the samples. This makes us no choice but to have 2 terminal contacts on graphene as geometry.
Additional contact resistance and normal wires connected in the circuit are included in the total
resistance which is measured in 2 wires configuration. Then the geometry of the graphene flake in
between the electrodes plays a important role in the transport measurement and one can deduce
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the contact resistance from the magneto-resistance in certain limit.

How does the geometry of sample affect the conductance ?
The state of charge carriers transport can be significantly affected by the geometry of the sample.

Here we will discuss three important cases. When the sample is subjected to a high magnetic field
and a voltage difference is maintained across the sample, one can measure the Hall conductance.
The components of current density is:

jx = σxxEx + σxyEy

jy = σyxEx + σyyEy

(2.51)

and σxy = −σyx . We can also calculate the conductivity due to the Drude model in magnetic field,
then get the conductivity components[88]:

σxx =
σ0

1+ (ωcτtr)2

σxy = − ωcτσ0
1+ (ωcτtr)2

(2.52)

ωc =
eB
m∗ ,m

∗ is the cyclotron mass. For mono-layer graphene,m∗ =
~kF
vF

.

(a) Very long junction (L ≫ W )In the limit, we can have jy = 0. So that Ey =
σxy
σxx

Ex, and

jx =
(
σxx +

σ2xy
σxx

)
. Using Eq. (2.52),Gxx = σ0.

(b) Very wide junction (L ≪ W ) There is a certain relation between conductance of very large
and that of very long sample:

G(L,W, σ) =
σ2xx + σ2xy
G(W, L, σ)

(2.53)

Aswedemonstrated above,G(W, L, σ) = Glong = σ0 L
W and thusG(L,W, σ) = Glarge =

σ0
1+ (ωτ)2

W
L

.

So that the resistance
Rlarge = ρ0 (1+ (ωcτ)2)

L
W

(2.54)

(c) square junction ( L ≈ W ) If the junction is square, the two wires measurement measures the
longitudinal resistance and Hall resistivity at same time: ρ =

√
ρ2xx + ρ2xy = ρ0

√
1+ (ωcτtr)2. The

resistance R = ρ L
W , so ρ = ρ0

√
1+ (ωcτtr)2.

R� ≈ ρ
(
1+

1
2
(ωcτtr)2

)
(2.55)

Depending on the dimensions of the samples, we can classify them into different kind of junction.
Then depending on the different type of junction, we use the equations shown before to estimate
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the contact resistance. For most the cases, our samples are in the limit of very wide or square junc-
tion. Rewriting the Eq. 2.54 and Eq. 2.55 as follow,

Rexp(0) = Rexp(0) + ρ (ω2
c τ2tr)

L
W

large junction (2.56)

Rexp(B) = Rexp(B) + ρ
ω2
c τ2tr
2

square junction (2.57)

Rexp(B) = Rc + Ri(B), Rc is the contact resistance which doesn’t depend on the magnetic field, Ri is
the intrinsic resistance which is equal to ρ0

L
W .
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2.3 Spin-orbit coupling

Spin-orbit interaction is awell-knownphenomenon thatmanifests itself in lifting the degeneracy of
one-electron energy levels in atoms, molecules, and solids. In solid-state physics, the nonrelativistic
Schrödinger equation is frequently used as a first approximation, e.g. in electron band-structure
calculations. Without relativistic corrections, it leads to doubly-degenerated bands, spin-up and
spin-down, which can be split by a spin-dependent term in the Hamiltonian. In this approach,
spin-orbit interaction can be included as a relativistic correction to the Schrödinger equation.

If the electron is moving with velocity vvv in an electric field −eEEE = −∇V, taking into account
relativistic effects, the electron sees in its rest frame amagnetic field, BBB = −v×EEE/c. The interaction
of the magnetic moment μμμs with this magnetic field produces a term of potential energy:

Vs−o = −μsμsμs · BBB = μsμsμs ·
v
c
× EEE =

1
ec
μsμsμs · vvv×∇V (2.58)

In an atom, the potential leads to a central electric field, V = V(r), then,

Vs−o =
1
ecr

dV
dr

μsμsμs · vvv× rrr = − 1
emcr

μsμsμs · LLL, (2.59)

with LLL = rrr× ppp the orbital angular momentum andm the electron mass.
Then the interaction of the magnetic moment with electric field can be alternatively seen as a

spin-orbit coupling

Vs =
~

2m2c2
1
r
dV
dr

σσσ · LLL. (2.60)

In a noncentral potential, this coupling is

Vs =
~

2m2c2
σσσ · ppp×∇V. (2.61)

Finally, the full spin-orbit coupling term is

Vs−o =
~

4m2c2
σσσ · ppp×∇V. (2.62)

by taking into count the Thomas precession which gives a contribution of the same form as (2.61),
but opposite sign and half of the amplitude[89].

2.3.1 Rashba Spin-orbit coupling effect

The atomic spin-orbit coupling (SOC) can lead to amomentum-dependent splitting of spin bands
in a solid state system if an asymmetric potential is present[90]. The asymmetric potential can be
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introduced in different ways[91]:

• impurities: extrinsic effect arises only from the Mott scattering from impurity atoms[92].
This is usually weak in high quality system (ex. single crystal).

• Dresselhaus SOC: lack of crystal inversion symmetry[93]. Inmost III-V semiconductors, the
lattice has zinc-blende structure and doesn’t have inversion symmetry. Then the Krammer
degeneracy is lifted.

• Rashba effect: lack of structural inversion symmetry of the confinement potential of elec-
trons in a quantum well or surface state[94, 95]. In the case of 2D electron gas or a surface
state, the Rashba effect is much larger than the other two effects.

If the electron is confined to a thin layer by an asymmetric potential, the Hamiltonian of the spin-
orbit coupling of an electron is[94]

ĤR = α(ppp× σσσ) · ẑzz (2.63)

where −→σ are the Pauli matrices. The unit vector ẑ is directed along the normal of the plane. The
operator ĤR lifts the two fold spin degeneracy at kkk ̸= 0. α is the prefactor of Rashba effect.

The total Hamiltonian of electrons is given by Ĥ = Ĥ0 + ĤR:

Ĥ =
ppp2

2m
+ α(ppp× σ̂σσ) · ẑ

=
p2x + p2y
2m

+ α(σ̂xpy − σ̂ypx)
E(kkk) =

~2kkk2

2m
± α |kkk| (2.64)

where the plus andminus sign correspond to the two possible spin directions(↑, ↓). The spin split-
ting energy is Δ = 2α |kkk|. The effect of a SOC term and a Zeeman term on a 1D dispersion relation
is shown in Fig.2.3.1. The difference is that the Zeeman coupling leads to a spin polarization (dif-
ferent population in spin up and spin down) due to the time reversal symmetry breaking and not
for SOC.

2.4 Bismuth and SOC

2.4.1 Bi bulk crystal structure

Bismuth crystallizes with rhombohedral symmetry in a structure which is typical for the group V
semimetals. Since each atom has 3 nearest-neighbor atoms and 3 next-nearest neighbor atoms, in
Bismuth bulk, bonded bilayers of atoms are formed perpendicular to the rhombohedral direction
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Figure 2.3.1: The 1D dispersion relation of a 2D system with the presence of SOC(a) and
Zeeman coupling (b). The spin ↑ and spin ↓ bands are split in both systems.

[111]. Each atom covalently bonded to its three nearest-neighbors within each bilayer. The atom’s
next-nearest neighbors are in the adjacent bilayer. Actually the bondingwithin each bilayer ismuch
stronger than the inter-layer bonding. Thismakes the (111) plane the natural cleaving plane. Among
the studies, the Bismuth crystalline is also described as hexagonal with six atoms per unit cell or as a
pseudocubic structure with one atom per unit cell.

we here focus on the rhombohedral symmetry description. The relation between these different
unit cells is shown in Fig.2.4.1. The rhombohedral unit cell is indicated by green lines and the two
different atoms in the unit cell are shown in blue and red. The length ratio d1/d2 is 0.88 (instead of
1) and therefore the red atom is closer to the three blue atoms below it than to the three atoms above
it, forming the above-mentioned bilayers. The trigonal (C3)) axis of the rhombohedral structure is
the c axis of the hexagonal structure.

The simplest description of the Bi structure is obtained when using a rhombohedral Bravais
lattice with two atoms per unit cell. The lattice is generated by three vectors−→a1 ,−→a2 ,−→a3 of equal
magnitudearh[88]. These vectors are shown in Fig. 2.4.1 as solid green lines. The angle between
any pair of the primitive vectors is α. The two basis atoms are chosen to be at the origin of the co-
ordinate system and at (−→a1 + −→a2 + −→a3 )d1/(d1 + d2) (see Fig. 2.4.1). Thus the crystal structure is
completely described by arh , d1/d2 , α. For Bi these values are arh = 4.7236Å, d1/d2 = 0.88 and α
= 57.35° at 4.2 K [96, 97]. For a more convenient comparison with the hexagonal lattice system, we
write the rhombohedral lattice vectors using the characteristic parameters for the hexagonal system
α = 4.5332̊A and c = 11.7967 Å . We use Cartesian coordinates such that the binary (C2) axis is x, the
bisectrix (C1) axis is y the trigonal (C3) axis is z. The vectors spanning the rhombohedral unit cell
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Figure 2.4.1: Bulk structure of Bi. Rhombohedral unit cell (dashed green lines) together with
the hexagonal unit cell (dashed pink lines). Not all the atoms are shown. Blue
and red mark the two atoms in the rhombohedral unit cell. The solid green
and pink lines are the vectors spanning the rhombohedral and hexagonal lattice,
respectively. The three cartesian axes are: bisectrix (C1 ,y), binary (C2 ,x) and
trigonal (C3 ,z).
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are then
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√
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)
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(2.65)

These vectors are shown as solid green lines in the left part of Fig. 2.4.1. The reciprocal lattice is
given by
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(2.66)

As usual, the (mno) surface in the rhombohedral notation is the surface plane which is perpendic-
ular to the reciprocal lattice vectorm

−→
b1 + n

−→
b2 + o

−→
b3 [88].

2.4.2 electronic structure of Bi bulk[33]

Bi (bulk) is classified as semi-metal, and there are quite lot unique properties are related to its spe-
cial electronic structure. There are in general two methods of calculations have been carried out
succeed. One of these is the tight-band calculation for the detailed description around Fermi level
first published by Liu and Allan in 1995[97] for Bi. Another one is done by Gonze et al.[98] using
first-Principe calculation. The result of the calculation is shown in Fig. 2.4.2, the bulk Brillouin
zone is shown in Fig. 2.4.3.

The band structure can be described by 2 filled s bands and 3 filled p bands separated by a gap
about several eV.These five bands can contain the 10 valence electrons per unit cell, five from eachBi
atom. However, if one look closely to the T and L points the p bands cross the Fermi level, creating
hole pocket at T point and electron pocket at L point. These pockets are shallow: the Fermi energy
is 27.2 meV for the electrons and 10.8 meV for the holes which leads to a very low carrier density
about 3× 10−7cm−3 and small effective mass of carrier, for example, for electrons along the trigonal
axism∗ ≈ 0.003me.

One should note that when the bulk structure is calculated, inclusion of spin–orbit coupling has
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Figure 2.4.2: Bulk band structure of Bi from the tight-binding calculation of Liu and Allan (Ref.
[97], green lines); first-principles calculation by Gonze et al. (Ref. [98], red lines),
only in the Γ − T direction.

Figure 2.4.3: Bulk Brillouin zone of Bi and a schematic sketch of the Fermi surface (not to
scale). The Γ − T line corresponds to the C3 axis and the [111] direction in real
space.(Figure taken from ref.[33])
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only a small effect on the two lowest bands. Thebands close to the Fermi level, however, are strongly
affected: the strong spin–orbit interaction essentially accounts for the existence of the hole Fermi
surface at theT point. We can tell from the Fig. 2.4.2, the red curve shows the result considering the
effect of spin-orbit coupling and a gap is opened at the T point. Most importantly from a surface
point of view, the spin–orbit coupling does not lead to any lifting of the spin degeneracy, i.e. there
are still two possible spin states at the k point. This is caused by the bulk inversion symmetry in Bi.
recently, the angle dependent magnetoresistance measurements in Bi bulk have been done by Zhu
et al.[99] which show a low temperature field dependent transition to a valley polarization state in
Bi bulk and the three electron pockets become inequivalent.

2.4.3 Bi thin film and surface properties

There are two aspects that can affect much of the properties of Bi when the size decreases: First, the
electronic structure is intimately related to the symmetries of the rhombohedral phase in Bismuth
and at the surface or in thin films, some of the symmetries are broken. Second, when the thick-
ness (of the thin film) or the size (for the nanowires or nanostructures) attain to certain limits, the
quantum-size effect can play an important role.

Ogrin et al., who started the research on quantum size effects in thin films, argued that the Bi
thin film is ideal to observe such effect for several reasons: 1. the low Fermi energy and the small
effective mass of the carriers lead to a long de Broglie wavelength of around 120 ; 2. long mean-
free-path(∼ 1mm) in Bi ensure the interference inside of the nano-size object phenomenon. Up to
date, these are thickness dependent transport oscillations are observed but not critical thickness for
a sudden change. The reason for this experiment and theory discrepancy is still under debate.

(111) Bi surface structure

There are three surfaces in the rhombohedral description: [111], [110], [100]. For Bi(111) and Bi(110)
both experimental and calculated structural results are discussed, for Bi(100) only calculated struc-
tural parameters are available. Here we will focus rather on (111) surface which is most studied and
also important for practical application. It is the natural cleavage plane of Bi crystals and it also
turns out to be the preferred direction of epitaxial growth. The truncated bulk crystal structure of
Bi(111) is shown in Fig. 2.4.4. For the figure, it is assumed that the crystal is terminated with a Bi
bilayer.

(111) Bi surface electronic structure

Bi(111) is the only surface of Bi forwhich angle-resolved photoemission spectroscopy (ARPES) stud-
ies have been performed bymany authors. This is the only direction for which photoemission data
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Figure 2.4.4: Truncated-bulk structure of Bi(111). The dark solid lines indicate covalent bonds
between the atoms within the bilayers. (a) Top view of the first three atomic
layers. Each layer consists of a two-dimensional trigonal lattice and the lattice
constants are given. The mirror planes of the structure are shown as dashed lines.
(b) Side view of the first four layers along a mirror plane. The alternating short
and long interlayer spacings are evident. After Ref.[100].
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Figure 2.4.5: Bulk Brillouin zone of Bi and projection on the (111) surface. The elements of
the bulk Fermi surface are indicated but not to scale. The surface Brillouin zone
has a threefold rotational axis and three mirror lines, shown as pink dashed lines.
After Ref.[33]

for the determination of the bulk electronic structure have been taken so far [101, 102, 103, 104,
105].The bulk Brillouin zone (BZ) of Bi and the projection on the (111) surface are shown in Fig.
2.4.5. A state supported by the surface in the spin-orbit gap was observed and also debated. Fi-
nally, it was clarified by Ast and Höchst, using synchrotron radiation[106] an energy resolution of
25 meV and a very high momentum resolution of 23 mÅ. The dispersion of the states close to Γ

is shown in Fig. 2.4.6. The most important conclusion from these results is that the number of
surface charge carriers is much higher than the corresponding number of (projected) bulk carriers.
An inner ring(hexagon actually) and six narrow lobes in the Γ − M directions. The theoretical
results are also obtained with first principle calculation by Koroteev et al. [36] with and without
the inclusion of the spin-orbit coupling(Fig.2.4.7). We can find that, when the SOC is included, a
spin-splitting of the surface state in all directions appears and the energy levels degenerate only at
Γ and T. And the ultimate proof of the strong spin-orbit splitting lies in the comparison with the
experimental findings. Koroteev et al. also showed experiment results realized by high resolution
ARPES measurement fitted with the calculation(Fig. 2.4.8).
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Figure 2.4.6: (a) Photoemission intensity at the Fermi level of Bi(111). k x and k y are the
parallel components of the electron momentum along the C–M and C–K direction,
respectively. (b) Band structure along the C–M direction. From Ref.[106]

Figure 2.4.7: Surface states of Bi(111) calculated without (black) and with (red) spin–orbit
splitting included. The shaded areas show the projection of the bulk bands ob-
tained without (violet) and with (yellow) SOC and their superposition (brown).
After Ref.[36]
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Figure 2.4.8: Calculated and measured electronic structure in the vicinity of two high symmetry
points on three surfaces of Bi. (a) C on Bi(111), (b) C on Bi(110), and (c) M 1 on
Bi(100). The small black dots are the projected bulk band structure calculated
using the tight-binding model of Liu and Allen. The red filled circles are the
calculated surface state energies, thin red line is a guide to the eye. After Ref.[36]

carrier density λF vF
Bulk 3× 1017cm−3 large∼ 50nm small
Surface 3× 1013cm−2 small large

Transport measurement on surface states

Recently, Ning W. et al.[38] measured the angular-dependent magnetoresistance (AMR) measure-
ments on single-crystal bismuth nanoribbons(with a preferential [110]hex growth direction ) of dif-
ferent thicknesses, and in magnetic fields up to 31 T(Fig.2.4.9 ). In thin nanoribbons of about 40
nm thick, a two-fold rational symmetry of the low field AMR spectra and two sets of 1/2-shifted
(i.e.,γ = 1/2) Shubnikov de Haas (SdH) quantum oscillations with exact two-dimensional (2D)
character were obtained. However, when the thickness of the ribbon increases, a 3D bulk-like SdH
oscillations with γ = 0 and a four-fold rotational symmetry of the AMR spectra appear. There
results provide a transport evidence of the topological 2Dmetallic surface states in thinner nanorib-
bons with an insulating bulk.

2.4.4 Bi nanowires

A similar situation has also been found in Bi nanowires research. Lin et al. predicted a critical diam-
eter about 55 nm of Bi nanowire for a semimetal-semiconductor transition [107]. Experimentally,
Bi nanowires are found to have SdH quantum oscillations[108, 109, 110], which were attributed to
the formation of surface state on Bi nanowires. We will see that our experiments on Bi nanowires
signal the existence of 1D edge states, expected at the edges of specific topological surfaces of Bi.
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Figure 2.4.9: 2D SdH oscillations of conduction in �40 nm Bi nanoribbon. (a) Resistance of
sample NR1 (�40 nm) as a function of magnetic field at different tilted angle,θ,at
0.4K(B rotates within binary and bisectrix plane).The inset is the schematic of
B orientation in different planes of nanoribbon.(b)Enlarged MR in low B-regime
of B<9 Tesla function of 1/B⊥. (c) Amplitude of the resistance oscillations,
∆R, in high B-regime (B > 9 T) versus 1/B⊥. Both oscillation spectra show
periodic behavior with 1/B cos θ, indicating a typical 2D character of electronic
structure.After Ref.[38]
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3
Superconducting proximity effect in S/G/S

junction

This chapter presents the experimental results in superconducting proximity effect in graphene
with different superconducting electrodes at zero and low field. We emphasize the differences be-
tween the proximity effect in short junction limit (samples with Ti/Al electrodes) and in the long
junction limit (with Pd/Nb and Pd/ReW electrodes).We also compare various RNIc products of the
junctions in different limits. There is a huge disparity in RNIc product for the long junction sam-
ples comparing to the theoretical prediction. Thismay be a sign of the presence of specularAndreev
reflection.
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Figure 3.1.1: SEM image of Nb sample (fake colors). In-between the Nb electrodes (blue), a
large graphene sheet (red) is connected.

3.1 Sample description and characterization

We measured 7 samples that exhibit supercurrent at low temperature. They have different
materials as contacts, and different dimensions.

Five of them are connected to Ti/Al electrodes, one is connected to Pd/Nb/Pd electrodes, one
is connected to Pd/ReW/Pd electrodes. All samples were mechanically exfoliated with blue scotch
tape and deposited on a doped silicon substrate (Append.A for more details). The Ti/Al samples
are in the short junction limit (L . ξs), and theNb andReWsamples are in the long junction region
(L ≫ ξs). All the graphene sheets are wide (L ≪ W).

For the Ti/Al(6nm/70nm) samples, the electrodes are deposited by electron-gun evaporation.
For the Pd/Nb/Pd(8nm/70nm/6nm) sample, the electrodes are made by Ar plasma sputtering.

The SEM image of the Nb sample is shown in (Figure 3.1.1)
Using electric field effect method described in the introduction, we first characterize all these

samples. The mean-free path, the diffusion constant, the coherence length etc. can be deduced
from the gate dependence of the resistance. We show in Fig.3.1.2 andTab. 3.1.1 some typical physical
quantities at different gate voltage values.
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Figure 3.1.2: Gate dependence of resistance for samples JN,PN,MC,NC. JN and PN are on
the same graphene flake, and same for MC and NC. All of these samples are
connected to Ti/Al electrodes.
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From Tab.3.1.1, we can tell that the lengths of our samples are longer than the mean-free path in
graphene (L > le), so that the S/G/S junction is diffusive.

3.2 Sample in short junction limit
We measured 5 samples in short junction limit (Ti/Al as contacts). The superconducting gap (Δ)
of Al is about 150 μeV (estimated byMAR, see Fig.3.2.2), TC ≃ 1K. The L/ξs = 1 1.8 for±30V gate
voltage regime. Wemeasure first the gate dependence at 4K (see Figure 3.1.2)and then it reaches the
superconducting state at low temperature( 100mK) by applying a small magnetic field to compen-
sate the residual magnetic field in the coil.

3.2.1 Gate tunable supercurrent

Oncewe optimize the field (to compensate the earth field and possible residualmagnetic field in the
coil) for superconducting proximity effect, wemeasure the DC current dependence of the differen-
tial resistance(Figure 3.2.1.a). The sharp jump(peak) indicates the transition from superconducting
state to normal state. We define the DC current at that point as the critical current Ic.

Figure3.2.1.c shows that the critical current of sample JN is modulated by the gate voltage: from
the Dirac point to electron(hole) doped regime, IC is changed from 20nA to 400nA(300nA).

Multiple Andreev reflection (MAR) These 5 samples all show multiple-Andreev reflec-
tion. In figure.3.2.2, we show the dV/dI curve as function of DC voltage. We see clearly the super-
conducting gap of Al and the sequent dips in differential resistance, each of which is corresponding
to a quasi-particles reflection belowof the gap. The presence ofMAR implies an imperfect interface
between metal contact and graphene[11]. The gap (2Δ) is estimated to be 300μV.

3.2.2 Low field dependence: Fraunhofer pattern

Similar to optic experiment, the supercurrent can be analogue to a light beam and show interfering
intensity pattern. For short junction, this pattern is expected to be close to theoretical prediction
of an SIS junction (The Fraunhofer pattern). In figure.3.2.3, we show the Fraunhofer pattern of JN
at VG = 30V. They have a center lobe width about 20 Gauss.

3.3 Samples in long junction limit
TheNb sample and theReW sample are in long junction limit, they both show complete proximity
effect with a supercurrent flowing through at low temperature(200 mK for Nb sample, 55 mK for
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Figure 3.2.1: Proximity effect in sample JN which is identified as a short junction. (a) shows
a typical dV/dI vs DC current curve. Two sharp jumps(peaks) indicate the edges
of superconducting gap in graphene; (b) dV/dI curves at different gate voltages,
different colors correspond to different positions indicated in (c) 2D color plot.
(c) two-dimensional color plot of full gate voltage range dV/dI curves. The black
regime corresponds to zero resistance(superconducting) state
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ReW sample). They display similar dV/dI curves and gate dependences as shown in Figure 3.3.1 and
Figure 3.3.2 for the two samples respectively.

3.3.1 Gate tunable supercurrent

Similar to samples in the short junction limit, Nb andReW samples display a gate tunable supercur-
rent fromhole to electron doped regions. The critical current is smaller than that in short junctions.

3.3.2 suppression of supercurrent near Dirac neutral point

As is clearly seen in the two figures (Fig.3.3.1 and Fig.3.3.2) (especially the bottom-left 2D color plot
sub-figure), the supercurrent is completely suppressed near the Dirac point which is robust as the
doped regime in our short junction samples, and also reported by others groups[40, 41, 42]. We
attribute this unexpected suppression of supercurrent to the specular Andreev reflection at the
electron-hole puddles interfaces. To understand this suppression, we compare themeasured critical
current to theoretical result[68].

In the theory of the proximity effect in the diffusive[68], long junction limit, the critical current
has a maximum zero-temperature value given by the Thouless energy ETh divided by the normal
resistance state RN, multiplied by a numerical factor α that depends on the junction length L: IC
= αETh/eRN, where ETh = ~D/L2, with D = vFle/2 the diffusion constant in two dimensions,vF the
Fermi velocity and le the mean free path.

To probe this relation, we compare the Ic(VG) to the theoretically predicted Ic = αETh/eRN (see
Fig.3.3.3). When the gate voltage approaches the Dirac point, the measured Ic decreases much faster
than the theory calculation and even vanishes near theDirac point. This is a non-trivial phenomena,
even though one could have the first impression that all this can be explained by a bad interface (we
show further that this is not the case).

For these two samples, we find a L/ξs ratio (depending on gate voltage),where ξs =
√

~D
Δ is

the coherence length, L is the length of the sample, between 4.4 and 6.2 for the ReW sample, and
between 9.3 and 10.7 for the Nb one, which places these junctions in the long (but not infinitely
long) junction limit.

In the limit of infinite Δ/ETh, the RBIC product is simplified to

eRNIC =
32

3+ 2
√
2
ETh

[
L
LT

]3
e−L/LT (3.1)

We plot the temperature dependence for different ratios Δ/ETh in figure.3.3.4. From it, one finds
that a factor 10 suppression of the Ic requires an effective temperature of 5 to 10 ETh, in our case
3K, much higher than the experiment temperature of 200 mK or 55 mK. we can tell that at low
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Figure 3.3.1: Proximity effect in graphene connected to Nb electrodes at 200 mK. Upper left panel:
dV/dI vs Idc for different gate voltages, and, bottom left panel, its two-dimensional
color plot. The suppression of critical current in a gate voltage region of ±10V around
the charge neutrality point is noticeable. Upper right panel: I(V) curves for different
gate voltages, showing how the proximity effect varies between a full proximity effect
with zero resistance at high doping, and quasi-normal behavior with a linear I (V)
around the charge neutrality point. (Lower right panel) Zero-bias differential resistance
as a function of gate voltage in the normal state from which the RN is determined. A
small magnetic field was applied to destroy the constructive interference leading to the
supercurrent.
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Figure 3.3.2: Proximity effect in graphene connected to ReW electrodes at 55 mK. (Top left) dV/dI
vs Idc. The peaks in differential resistance reflect the voltage jumps as the SGS junction
switches from a zero-resistance state to a finite resistance state. (Top right) I(V) curve
for different gate voltages. (Bottom left) Two-dimensional color plot emphasizing the
suppression of the supercurrent around the charge neutrality point. (Bottom right)
Resistance as a function of gate voltage in a small magnetic field that suppresses the
constructive interference leading to supercurrent.
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Figure 3.3.3: Comparison of switching current with Thouless energy. (Upper left) Two ways of defin-
ing the switching current: IC, the largest current for which the differential resistance
dV/dI is zero, and I∗C, the inflection point of the jump in dV/dI towards large resistance.
As the Dirac region is approached, the switching current Ic reaches zero but a steep
resistance increase still occurs at I∗C. (Upper right) Variations of the Thouless energy
with gate voltage, deduced from the sample resistance in the normal state, for both
samples. The resistance of the Nb sample was measured at 1 K. The resistance of the
ReW sample was measured at 55 mK at a current bias above the critical current of
the proximity effect. The factor 3 difference in Thouless energies is due to the differ-
ent lengths of the two samples, 0.7 and 1.2 micrometers, which have similar diffusion
constants. (Bottom) Comparison of Ic and I∗C with ETh/eRN for the sample with Nb
electrodes at 200 mK, and with ReW electrodes at 55 mK. Continuous lines are guides
to show the fast decrease of IC.
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Figure 3.3.4: Simulation of temperature dependence of RNIC. For our samples, the ratio Δ/ETh =100
and 25 in average. From Ref.[68]

.

temperature region (200mK is the max in our experiment), it is impossible to find a decay of factor
10 by just increasing the temperature.

InFigure.3.3.3, weplot together the theoretical value andmeasured valueof IC. The factor 0.26(for
Nb sample) and 0.3(for ReW sample) which allows us to fit the curves in high doped regime, are
more than 20 times smaller than expected. This reduced critical current is a feature noted in prac-
tically all experiments on S/graphene/S junction, and is attributed to partial transmission at the
S/graphene interface. Also, we compare the critical current of short and long junctions in Fig.3.3.5.

To confirm and estimate the effect of interface, we measured the temperature dependence of the
critical current(Fig.3.3.6.a), and the critical current decay with temperature is faster than expected
for a perfect interface[111].

Generally, the critical current is always smaller than expected. However an additional feature is
noticed in Fig.3.3.5: the critical current is suppressed near the DP in long junctions and not in short
junctions. We attribute this suppression of supercurrent close to the CNP to specular reflection of
an Andreev pair at the charge puddle contours, as sketched in Fig.3.3.7. In fact, near the DP there is
a coexistence of electron-doped regime and hole-doped regime (n and p type doping regime). These
regimes form a network of so-called puddles.[112] when the doping changes from electron to hole,
at the boundaries, it is necessary to cross the ’zero doping’ which is very close to the DP. When a
counter-propagating electron-hole quasi-particles pair comes to the boundary which is Fermi en-
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Figure 3.3.5: Theoretical and measured Ic of sample JN (Ti/Al) and sample Nb (Pd/Nb). (Left)
JN sample is in the short/intermediate junction limit, (right) Nb sample is in the long
junction limit. Both of them have a critical current smaller than expected. Nb sample
has even an order smaller prefactor suggesting a stronger suppression of the critical
current in long junction sample.

Figure 3.3.6: Temperature dependence of the proximity effect through the ReW sample. (Left)
Differential resistance curves at temperatures ranging from 100 to 800 mK. (Right)
Comparison of the extracted critical currents with the theoretically expected decay
with temperature, for different ratios r of the contact resistance to the graphene sheet
resistance. Both the overall suppression of the critical current with respect to the
Thouless energy at low temperature, and the decay with temperature, are accounted
for assuming a ratio r of roughly 7.

82



CHAPTER 3. SUPERCONDUCTING PROXIMITY EFFECT IN S/G/S JUNCTION

Figure 3.3.7: Sketch of the superconducting proximity effect through diffusive graphene, at high
and low doping. (Top) Highly doped regime. The usual Andreev retroreflection at the
S/G interface leads to diffusive counterpropagation with zero total phase accumulation.
(Bottom) Low-doping regime.Specular Andreev reflection of propagating Andreev pairs
can occur at an n/0 or p/0 junction, leading to loss of counterpropagation and thus
large phase accumulation within an Andreev pair. Supercurrent, which results from all
Andreev trajectories, is destroyed. The red region is electron doped, the blue one is
hole doped, and the green region in between has zero doping (EF < ETh).

ergy is very close to the DP, the reflected (time reversal symmetrical) hole has to be converted into
another band, and to change the velocity. This change in relative velocity between the electron-hole
quasi-particles can destroy the counter propagation of the pair. It can make the two quasi-particles
have different trajectories and increase the phase accumulation between these two quasi-particles
in such way the destructive interference occurs. This supplementary phase accumulation can sup-
press easily the supercurrent through the sample. If we consider the size of the puddles, they are in
general larger than the coherence length of pairs. This makes the supercurrent very sensitive to this
effect.

3.3.3 Suppression of supercurrent by small magnetic field

These two samples have relatively large surface, but we still observed Fraunhofer pattern at low
field. But the supercurrent is suppressed immediately after applying few Gauss. Fig.3.3.8 displays
the differential resistance as a function of current for different magnetic fields, and shows that the
supercurrent is suppressed in an oscillatory manner, as expected for wide proximity junctions[76].
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Figure 3.3.8: Low-field dependence of dV/dI(IDC) for the sample with Nb (left) and ReW (right)
electrodes, at T = 200 mK for Nb and 55 mK for ReW, and at high doping.
(Bottom) Line traces of dV/dI at zero current bias as a function of magnetic flux
through the graphene. We attribute the small period of the flux dependence to
strong focusing of the magnetic field by the large superconducting electrodes.

However, the supercurrent is not recovered periodically,but rather the resistance oscillates away
from zero in a periodic manner. We attribute the absence of full supercurrent recovery to the asym-
metric (trapezoid-like) shape of the graphene samples, and to probable irregularities in the transmis-
sion between electrodes and graphene, which lead to inhomogeneous supercurrent densities[75].
The fact that the oscillation period is smaller than one flux quantum φ0 through the sample is at-
tributed to the focusing effect of the field by the superconducting electrodes. Although the inter-
ference patterns look similar for both samples, one can notice an asymmetry in the field dependence
of the sample with ReW electrodes, which we attribute to trapped flux in these high Hc2 but low
Hc1 electrodes.

3.3.4 Junction under radio frequency irradiation

As also reported by others, the junctions display Shapiro steps, i.e., replica of the zero-resistance
state, which appear at finite dc voltage,when submitted to radio frequency irradiation (via an an-
tenna placed near the sample). This is shown in the top panel of Fig.3.3.9 for the sample with ReW
electrodes at high doping that displays a full proximity effect with a critical current of 130 nA.What
is more original is the observation of sequential nonlinearities in the I-V curves of the junctions at
gate voltages such that a full proximity effect with a zero resistance state does not develop, demon-
strating that nonlinearities in the I-V curve are sufficient to induce phase locking and replica of
nonlinear features (bottom).
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Figure 3.3.9: Effect of radio frequency irradiation on the junction with ReW electrodes.
(Top) Junction under irradiation of 2.4 GHz, at a gate voltage of V g = −25V.
(Bottom) Junction under irradiation of 2.4 GHz, at a gate voltage of VG = 7V for
which no full proximity effect (supercurrent) is observed, but only a lower low-bias
differential resistance.Nonetheless Shapiro-like features develop under irradiation.
The insets display the rf power dependence of the proximity effect. The arrows
point to the dc voltage plateaus, distant by Δ = 5.3μV, close to the expected
interval ΔV = ~ω/2e = 4.9μV.
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3.4 Diffusive SGS junction from short junction to long
junction limit

Our short junction and long junction samples show always a gate tunable supercurrent, conse-
quently, with one sample, one can probe the relation between RNIc product and ETh in a tunable
range of carrier density (instead of a point in usual metal).But since the capacitancemodel of gating
is only correct away from the DP, we restrict the data to the doped region. In Fig.3.4.1, we show
the global feature of all these samples in a normalized energy scale. Qualitatively, samples show
a nice agreement with the theory: several samples with Ti/Al contacts have a Thouless energy of
the same order as the superconducting gap (ETh/Δ ≈ 1), one (sample PM) is in the short junction
region. Their RNIc products are mostly dominated by the gap. In the long junction region, Nb
and ReW samples depend linearly on the Thouless energy with the rate close to the theory calcula-
tion (α =10.82). However, quantitatively, there seems to be a huge discrepancy with the theory: a
factor 3-5 between the theory and experimental data for short junctions, and a factor 100 for long
junctions.

To understand the unexpected reduction of RNIc in long junctions, we address the imperfect
transmission and thermal effect. As shown in Fig.3.3.6, the temperature dependence of critical cur-
rent in the ReW samples give us a smaller effective Thouless energy E∗

Th: instead of e−kBT/4ETh ex-
ponential decrease, we have about 10 times fast decrease as e−kBT/0.4ETh , and our effective Thouless
energy E∗

Th was about 10 time less than ETh. This is attributed to the non-perfect transmission at the
G/contact interface. The effect is to both decrease the critical current Ic directly and the reduction
in the mini-gap eventually to an effective Thouless energy E∗

Th. In this case, we can represent the
theory curve by rescaling both in x and y axis (Fig.3.4.1 blue line).
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3.5 Proximity effect in the integer quantumHall regime

The injection of Cooper pairs into quantum edge states is an issue addressing a lot attention, es-
pecially in topological systems. Quantum Hall effect provides the edge states in a 2 dimensional
system, like graphene. Such a supercurrent would have to be carried by edge states, so that the time
reversed electrons injected from the superconductor would be injected into the edge states at the
opposite edges of the sample. One of the goals for this thesis is to probe the properties of supercon-
ducting proximity effect in Quantum Hall regime. It requires high critical field superconductors
as the contactingmaterials. The best materials for electrodes to investigate the electronic properties
in graphene are those that have both high TC and highHC , also good contact. The observation of
supercurrent through graphene contacted to the high Hc superconductor ReW suggests the excit-
ing possibility of observing a supercurrent through a conductor in the quantumHall regime. Only
few authors have considered this scenario theoretically[12, 113]. They have shown that in princi-
ple such a proximity effect is possible in the integer quantum Hall regime, with a maximal critical
current given by the ballistic limit of evd/L, where L is the perimeter of the sample and vd the drift
velocity. In the following, we show that we achieve the quantum Hall regime in graphene with su-
perconducting electrodes, and present elements that suggest the existence of coherent interference
within the sample, modulated by magnetic field or gate voltage, hinting to a tunable proximity
effect through graphene in the quantum Hall regime.

3.5.1 Half-integer quantum Hall effect in graphene

Fig. 3.5.1 shows the zero current differential resistance of the SGS junction as a function of gate
voltage, for fields between 0 and 7.5 T, at low temperature (70 mK). The quantum Hall effect is
visible, in form of plateaus, at fields above 5 T. Indeed, it has been shown that the quantum Hall
regime is detectable in a two-wire measurement, in the form of regions in which the conductance
is quantized at the Hall conductance value[114]. The exact shape of the conductance versus fill-
ing factor curve (i.e., whether peaks or dips separate the plateau regions) depends on the sample
aspect ratio since the two wire resistance is a weighed combination of the sample’s ρxx and ρxy Fig.
3.5.2 shows that the filling factors corresponding to the plateaus are those expected for graphene
[ν = nh/(eB) = ±2,±6,...], but that the values of the conductance plateaus are larger than those
expected for graphene. We attribute this discrepancy to scattering, which broadens the Landau
levels, and to sample inhomogeneities typical of wide graphene sheets, which change the plateaus
conductance values, as has been observed by others[115]. The factor of roughly 2 in conductance
enhancement could also be interpreted as due to two effective samples in parallel.

88



CHAPTER 3. SUPERCONDUCTING PROXIMITY EFFECT IN S/G/S JUNCTION

Figure 3.5.1: Two wire differential resistance as a function of gate voltage for the sample with
ReW (H c > 7.5T), at magnetic fields from 0 to 7.5 T, every Tesla between 0 and
5 T, and every 0.5 T above 5 T. Temperature is 70 mK. The inset displays how
the Hall plateau at 7.5 T and VG = 14V flattens out as temperature is increased.
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Figure 3.5.2: Quantum Hall effect of graphene sample with ReW electrodes, plotted as a func-
tion of filling factor ν= en/Bh. Two-wire differential conductance as a function
of filling factor in the quantum Hall regime. Inset: Zoom of the ν=−10 region,
which displays oscillations in conductance of up to 10% at the edge of the plateau
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3.5.2 Proximity effect in the quantum Hall regime

We have seen in previous sections that the supercurrent is killed in a diffusive sample, with a field
scale of one φ0 in the sample area. So using a highHc superconducting electrode seems vain. So even
the highHc ReW electrodes are superconducting up tomore than 7.5 T (we found a critical current
of 3.5μA at 7.5 T and low temperature, measured through slightly wider ReW leads, see Appendix),
we couldn’t expect a supercurrent in Quantum hall region.

What will be the signature? Especially measured in a two-wire configuration.
Some hints of the superconducting proximity effect can be found. We show below that we find

signatures of the proximity effect both in the incoherent regime, where the S/graphene/S junction
can be viewed as twouncorrelated S/graphene junctions in series, and in the coherent regime, where
signatures of the coherent propagation of pairs through the graphene via quantumHall edge states
are visible.

The incoherent proximity effect is visible in the shape of the plateaus themselves. As shown in
the inset of Fig. 3.5.1 for the ν = 10 plateau, and also reported in AlGaAs/GaAs heterostructure
connected to high Hc2 NbN electrodes[14], the plateaus are far less flat at low temperature than
at high temperature. The resistance at the transition between two Hall plateaus exhibits a non-
monotonous variation with filling factor, with a decrease of resistance of up to ten percent. This
amplitude variation of the resistance was interpreted in Ref.[14] as the effect of a change in conduc-
tance at anNS interfacewith respect to anNN interface as the edge channel transmission coefficient
changes with filling factor. Analytical and numerical computations of the NS conductance in the
specific case of the quantum Hall regime were considered in Refs. [116, 117]. They predict that the
N/S conductance is not twice the NN conductance, in contrast to what one might naively expect
for two electrons being transmitted via perfectly conducting edge channels at the quantum Hall
plateau. This is because the two electrons of a pair must travel along different edges, much as in
the normal case. However, interference effects at the N/S interfaces lead to a predicted oscillatory
behavior around the quantized Hall conductance in Ref.[116]. When disorder at the interface is
included, [117] the two-wire conductance is at most the quantized Hall value, in contrast to our
experimental results and those of Ref. [14].

Signatures of a coherent proximity effect (i.e., a coherent propagation of pairs and a supercur-
rent) in the quantumHall regime are visible when one exploits the nonlinearity of the reproducible
fluctuations in the conductance (or resistance) as a function of magnetic field or gate voltage.These
fluctuations, which stem from quantum interference between different diffusive trajectories, are
known to be amplified in the case of superconducting contacts[118]. But in some instances, in this
sample we find that the interference leads to a decrease of differential resistance around zero cur-
rent, in contrast to the peaked differential resistance at zero current that is commonly observed in
disordered samples at low temperature (due to electron-electron interactions or to the effect of the
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Figure 3.5.3: Differential resistance of ReW sample at 7.5T for different gate voltages. Left
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the profile of the differential resistance at IDC = 0. It shows the plateau of ν = 8.
Right: the profiles for the dV/dI(IDC) curves at certain gate voltages (black lines).

electromagnetic environment)[119, 120]. Since in our two-wire geometry the quantized Hall resis-
tivity adds to the zero longitudinal resistance of a supercurrent, we do not expect a zero two-wire
resistance. But the signature of the supercurrent should be the differential resistance dip at zero
bias. In addition, it was predicted in Ref.[12] that the supercurrent intensity should be modulated
by the Fermi energy or themagnetic field, in anAharonov-Bohm-like way, and, interestingly, we do
observe alternating constructive and destructive interference, as a function of changing gate voltage
ormagnetic field, are demonstrated in Figs.3.5.3-. Similar features have been reported in 2D electron
gases made in heterostructure in Ref. [13] with varying magnetic fields, but not gate voltages, and
in samples in which no supercurrent was demonstrated at low field, in contrast to what we have
achieved. In fact, we find that the dips in the differential resistance have an amplitude of up to 50Ω,
and a current range of about 100nA, comparable to the critical current measured in zero field.

To be noticed that on the plateau(white region in the color plot of Fig.3.5.3), where the quantum
Hall edge states are established, the dV/dI curves show robustly a peak at zero-bias. But when it is
at the edge of plateau, where the Fermi level is almost aligned to one of the Landau levels, we can
find some dips appear at zero-bias. This may be understood as a low possibility of the injection of
Cooper pairs to a edge states in which the time reversal symmetry is broken for hole and electron,
and the possible electron andhole channels for oneAndreev pair are spatially separated. In contrast,
more trajectories will be allowed if the Fermi level is exactly on one of the Landau levels.
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3.6 Conclusion
We investigate the proximity effect in different S/G/S junctions from the short junction limit to the
long junction limit. We show that the proximity effect can be even induced in a graphene junction
up to 1.2 micrometers long. The relation between the eRNIc products and Thouless energy ETh is
in a large range. We find a strong suppression of the supercurrent near the charge neutrality point,
and attribute it to the specularAndreev reflection specific tomonolayer graphene, at the boundaries
between p and n puddles. This effect is all the stronger that the superconducting coherence length
is short and that the junction is long, since Andreev pairs cannot avoid these junction regions.

In the quantum Hall regime,a two-wire measurement cannot reveal directly a supercurrent car-
ried by edge states. But we argue that the dip in differential resistance at zero current is a signature
of the coherence due to the proximity effect. This interference is modulated by gate voltage and
magnetic field, as expected theoretically. The question that needs to be addressed in the future is
how to demonstrate that the coherent particles are circulating in the structure in the quantumHall
regime. Since a two-wire transport measurement necessarily displays nonzero resistance, one must
find a different experimental configuration. In addition, it will be necessary to devise a method of
distinguishing the dissipationless supercurrent from the dissipationless edge state transport. The
detection of an orbitalmagneticmomentwith a signature of pairs (via its field periodicity)[121]may
be a route towards this fascinating goal.

93



CHAPTER 3. SUPERCONDUCTING PROXIMITY EFFECT IN S/G/S JUNCTION

94



4
Superconducting proximity effect in molecule

grafted graphene

Graphene grafted with molecules
This section is devoted to the electronic properties of graphene grafted with Pt porphyrins. The

initial motivation was to induce spin orbit interactions in graphene by the coupling of graphene’s
charge carriers with the heavy Pt atom in each of these molecules. These molecules are known to
constitute ordered arrays on crystalline surfaces of metals such as Au, Cu as well as graphite and
graphene. We first show (section 1) that the deposition of molecules does not create disorder in
graphene in contrast with what happens with deposition of metallic atoms by Joule evaporation
or sputtering. More surprisingly, when graphene is initially electron or hole doped, with a posi-
tion of the Dirac point at finite gate voltage, we observe that after deposition of the molecules the
Dirac point shifts to zero Vg. This means that porphyrins tend to neutralize graphene by exchang-
ing charge carriers (either electron or holes) with graphene. This also increases the mobility of the
functionalized samples. At room temperature we observe hysteresis and long time relaxation in
the gate dependent resistance of graphene due to the small but finite conduction of the molecules.
These effects completely disappear at low temperature.

Whereas clear signatures of the desired enhanced spin-orbit interactions where not yet detected
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we found another interesting effect which is a strong gate dependent low temperature magnetism
induced by the molecules. The porphyrin molecules when neutral are not magnetic but acquire,
when ionized, amagnetic moment due to the existence of an unpaired electron delocalised through
the molecule. We present low temperature magneto-transport measurement of several graphene
samples showing evidence of an induced collective magnetism which depends on the gate voltage.
We first discuss (section 2 )samples with normal electrodes that exhibit at 1K an asymmetric magne-
toresistance in perpendicular magnetic fields (not detected in uncoated samples). This asymmetry
disappears at low temperature where on the other hand it shows up on themagneto-resistancemea-
sured in parallel field.

In section 3 we present data on samples with superconducting electrodes. The strong sensitivity
of the Josephson effect to induced magnetism in graphene, provides a tool to detect signatures of
gate dependent magnetism. The amplitude of the effects found, strongly depend on the length of
the junction as well as the degree of initial ionization of graphene since it determines the spatial
concentration of ionized thus magnetic porphyrins on graphene.

This gate dependentmagnetism is attributed to a long range interactionbetween ionizedmolecules
via the charge carriers in graphene.
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Figure 4.1.1: (left)Molecule of Pt-porphyrin. A Pt atom planted in the middle. (right) Solution
of Pt-porphyrin in THF at room temperature.

4.1 Sample preparation

The graphene samples are prepared as explained in previous sections with several kinds of con-
tacts, Ti/Au, Ti/Al and Pd/Nb. All samples were measured at room temperature before

deposition of the molecules. Most of the samples with superconducting electrodes were also char-
acterized at low temperature before deposition of the porphyrins.

The Pt-porphyrin (see figure 4.1.1) contains a Pt atom in the middle of the characteristic or-
ganic cage of porphyrins constituted by four pyrrole subunits interconnected via methine bridges
(=CH−). They were prepared as follows by our colleagues Arianna FILORAMO and Stéphane
Campidelli in Saclay (method described inAppendixA). The electronic structure of the porphyrins
were determined from optical absorptionmeasurements and Scanning Tunneling Spectroscopy. It
is characterized by a HOMO (Highest occupied molecular Orbital) -LUMO (Lowest unoccupied
molecular orbital)gap of the order of 2 eV.

We deposited Pt porphyrins on the already connected graphene samples at room temperature
according to the following protocol. We dissolve a few milligrams of powder in a dry solution of
tetrahydrofuran (THF). The solution is orange, depending on the concentration, it can vary from
light to relatively dark. We have checked that deposition of the sole THF solvent tetrahydrofuran
(THF) does not modify the gate voltage dependence of the sample’s conductance. We then de-
posited a 10 µl drop of a 0.1 to 1 mM solution of Pt porphyrins in THF. This corresponds to a few
hundred layers of porphyrins covering the graphene layer after evaporation of the THF solvent.

(See Fig.4.1.1)
A single drop of solution typically spreads on 2mm2 and completely covers the graphene which

is already contacted by electrodes.
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Figure 4.2.1: Gate dependence of resistance before and after the deposition of porphyrins for two
samples, (a) Nb sample, (b) G92TiAl_MC. Without porphyrins (blue curves), the
samples can be hole doped (a) and electron doped (b). After grafting porphyrins,
in both case, the Dirac point of of graphene is brought to zero, graphene becomes
neutral. This implies that charge transfer occurs between graphene and porphyrins
and the molecules can be donors (a) as well as acceptors (b) of electrons.

4.2 Charge transfer between graphene and porphyrins:
Neutralization of graphene by porphyrins

At room temperature, we systematically measure the gate voltage dependence of the resistance of
the investigated graphene samples before and after deposition of porphyrins. A surprising neutral-
ization effect is observed.

4.2.1 Charge transfer between graphene and porphyrins

The position of the Dirac point of all the samples is shifted to nearly zero (within 1V). Interest-
ingly, no matter whether the sample is initially hole doped (a) or electron doped (b), porphyrins
always bring them to a neutral state (see Fig.4.2.1). This means that charges are transferred between
porphyrins and graphene. Porphyrins can, either, be donors or acceptors. Such effect has been
reported for porphyrin-grafted carbon nanotubes[122, 123], and, more recently, for Zn-porphyrins
grafted graphene[124]. STM experiments (in progress) will be useful to understand these charge
transfers between the porphyrins and graphene.

At room temperature the gate dependence of the resistance is hysteretic, with slow exponential
relaxation of the sample’s resistance in response to a fast gate voltage change (Fig.4.2.2.a). We relate
theRThysteresis and slow relaxation to hopping processes throughneighboringmolecules[125, 53],

98



CHAPTER 4. SUPERCONDUCTING PROXIMITY EFFECT IN MOLECULE GRAFTED
GRAPHENE

0.1

1

10


R

 (


)

8004000
t(s)

600

500

400

300

R
(Ω
)

-10 -5 0 5 10

VG(V)

500

400

300

200

-10 -5 0 5 10

4.2K

RT

VG(V)

R
(Ω
)

a b

Figure 4.2.2: Hysteresis in gate dependence at room temperature (a) Modification of the
Dirac point position after keeping the sample for one hour at VG = ±10V. Inset:
Time evolution of the sample resistance at fixed gate voltage after a rapid gate
shift from -10 to +10 V . The slow relaxation can be fitted by ΔR = R0e−t/t0 with
R0 = 165Ω and t0 = 187 s. (b)top curves, room temperature gate variations of the
two-wire resistance for different gate voltage ramps with grafted porphyrins: the
hysteresis increases with gate bias amplitude. Lower curve, gate voltage variation
of two-wire resistance at 4.2 K. The hysteresis disappears at low temperature.
The resistance decreases by 110 Ω at low temperature is due to the transition to
the superconducting state of the Pd/Nb electrodes.

leading to a slow (hundred second time scale) charge transfer through neighboring porphyrin layers
above the graphene. In contrast, we believe that a much faster charge transfer occurs between the
graphene and the porphyrin molecules directly in contact with graphene. 4.2.2 (middle) illustrates
how the Dirac point is shifted to −V0 with a broadened gate dependence of resistance by keeping
sample at a non-zero gate voltage V0 leads at room temperature. This phenomena can be seen as an
indication of artificial doping of graphene temporarily by transferring and stoking the charges in
the molecules.

We also find that cooling the sample at an applied zero gate voltage leads to a non zero-voltage
Dirac peak at low temperature. But cooling the sample under zero gate voltage, the Dirac point
stays unchanged at near zero gate voltage. At low temperature (4.2K) the hysteresis has disappeared
(Fig. 4.2.2(b)), and there is no more charge transfer between porphyrins and graphene.

Another important property tobenoted is that the gate dependence of resistance ismuch sharper
after porphyrin deposition, with a higher resistance at the charge neutrality point (Dirac point)
(see in Fig.4.2.3a the comparison at 4.2 K), implying that coating with Pt-porphyrins results in a
higher sample quality: higher mobility, better homogeneity. The same consequences of Porphyrin
deposition were measured on the samples with normal metal contacts, at room temperature and
4.2 K.
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Figure 4.2.3: Improvement of the sample quality after porphyrin grafting. a: Zero mag-
netic field gate voltage sweep of two wire resistance at 4.2 K, before (red) and
after (blue) deposition of the Pt-porphyrins. The origin is taken at the Dirac
point VD for both curves. The sharper curve with a higher Dirac peaks demon-
strates that the sample quality has improved thanks to porphyrin coating, with a
mobility increase of 20%. b: Quantum Hall regime at 100 mK and in a per-
pendicular magnetic field of B = 5 T (for which the Nb electrodes are non
superconducting),before (red curve) and after (blue curve) grafting. The gate
voltage is expressed in terms of the filling factor ν = ncφ0/B, with the charge
density n c computed assuming that only the backgate charges the graphene.
The Hall plateaus are better defined, confirming the higher sample quality. The
gate voltage position of the plateaus is unchanged, demonstrating that the charge
transfer between porphyrins and graphene is gate independent, and fixed at low
temperature.
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These observations suggest that the deposited porphyrins tend to neutralize the charged scat-
tering centers on the graphene surface, leading to a reduced scattering potential and an increased
mobility (from μ = 8000 to 10000cm2V−1s1 near the Dirac point, at nc = 1.6× 1015m2, correspond-
ing to VG = −2.5 V , see Fig. 4.2.3.a. At high magnetic field the observation of the quantum Hall
effect confirms the absence of gate dependent charge transfer between the molecules and graphene
at low temperature. If one calculates the carrier density(nc) with the same parameters as in the ab-
sence of porphyrins on the graphene sample (same capacitance,etc.), one can find the same value of
filling factor as before.

4.3 Low temperature magneto-transport of functional-
izedsampleswithnormalelectrodes: asymmetryofthe
magnetoresistance

At low temperature andmoderatemagnetic field samples show curious responses tomagnetic field.
In both perpendicular or parallel field, depending on temperature, we find an hysterestic and asym-
metric field dependence of resistance.

4.3.1 Perpendicular field B⊥

We have investigated 3 independent graphene flakes with Ti/Au contacts (chip G58). Two (S1, S2)
of them are grafted with porphyrins and another (S3) not. They were measured at same time, and
we can compare the differences between them.

Weobserve that at 100mK, themagnetoresistance inperpendicular field for all samples exhibit re-
producible magneto-conductance fluctuations due to interferences between all the coherent trajec-
tories across the samples. All the curves are even symmetric functions of magnetic field as expected
for 2 probes measurements on a mesoscopic sample in the presence of time reversal symmetry (see
Fig.4.3.1).

On the other hand,whenweheat the samples to 1K, there is a clear difference between the samples
with and without porphyrins(Fig. 4.3.2): an asymmetry in magnetoresistance appears for samples
with porphyrins and not for the pristine graphene sample. We relate his asymmetry to the presence
of a magnetic moment perpendicular to the plane of the sample as will be further discussed later
on.
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4.3.2 In plane field B||

We have also studied the effect of a parallel field effect in these samples. (see Fig. 4.3.3). In samples
with porphyrins (Fig. 4.3.3(a)), a gate dependent magnetoresistance in parallel field is found. This
signal is an asymmetric function of magnetic field with a strong odd component which indicates
the presence of a magnetic moment in the graphene plane in zero magnetic field. Interestingly, this
magnetic moment is found to be strongly gate voltage dependent. Several up and down sweeping
curves were taken to examine the reproducibility and possible hysteresis of the data. However,
these curves are not so reproducible as in perpendicular field whichmakes it difficult to reveal a well
defined hysteresis. Compared to these findings, in the sample without porphyrins (Fig. 4.3.3 (b)),
themagnetoresistance ismuch smaller. This asymmetricmagnetoresistance, cannot be detected any
more at 1K where the grafted samples become very noisy. On the other hand, as shown above, the
data measured in perpendicular magnetic field suggest that the initially in plane magnetic moment
at 100mK can be rotated out of plane at 1K .

4.4 Samples with superconducting contacts

We now discuss the data obtained on samples with superconducting electrodes. The idea is to take
advantage of the extreme sensitivity of the Josephson current tomagnetism. Whereas only small ef-
fects are found in short junctionwewill see thatmore spectacular signatures for inducedmagnetism
are found in long junctions.

4.4.1 Short junctions

We have investigated the Josephson effect in several samples connected to Ti/Al contacts before
(see section proximity effect in pristine graphene)and after deposition of porphyrins. Our results
are summarized in Fig.4.4.1 to Fig.4.4.4. We find that in spite of the important shift of the Dirac
point (up to 15V) induced by the deposition of the porphyrins (Fig.4.2.1), theRNIc productwas only
slightly modified as well as its gate voltage dependence as function of Vg − VD (Fig.4.4.1).

We also observed important gate voltage dependences on the Fraunhofer pattern with the pres-
ence of porphyrins (Fig.4.4.2). For a value of gate voltage equal to 4V (Fig.4.4.2.b) we observed
that for the range of magnetic field corresponding to the first secondary lobe, the critical current is
completely suppressed.

The determination of a full Fraunhofer pattern like in Fig.4.4.2 implies the measurement of the
whole dV/dI characteristics for various values of magnetic field. The investigation of the detailed
gate voltage dependence of such a Fraunhofer pattern is very much time consuming.This is why
we focused on the resistance at zero dc current as shown in Fig.4.4.3. The field regions where this

103



CHAPTER 4. SUPERCONDUCTING PROXIMITY EFFECT IN MOLECULE GRAFTED
GRAPHENE

R
/R

0

1.008

1.006

1.004

1.002

1.000

0.998

40000-4000

B(G)

S2 Vg = 30V

1
2
3
4

34

1.006

1.004

1.002

1.000

0.998
-4000 0 4000

B(G)

1
2R

/R
0

S2 Vg = -30V

1.004

1.002

1.000

0.998
-4000 0 4000

B(G)

2
3
4

R
/R

0

S3 Vg = 30V

Figure 4.3.3: In plane field effect in sample G58. (a) Asymmetric magnetoresistance in parallel
field for S2 (with porphyrins). The curves in different colors represent the sweeping
order in magnetic field. (b) magnetoresistance in parallel field for S3 (without
porphyrins).

104



CHAPTER 4. SUPERCONDUCTING PROXIMITY EFFECT IN MOLECULE GRAFTED
GRAPHENE

60

40

20

0
-20 -10 0 10 20

without porphyrins
with porphyrins

60

40

20

0
40200-20

R
N
I C
(µ
eV

)

R
N
I C
(µ
eV

)

VG(V) VG(V)

MC NC

without porphyrins
with porphyrins

Figure 4.4.1: RNIc product as function of VG of sample MC (a) and NC (b) before (blue squares)
and after (red circles) putting porphyrins. All the results are shifted to neutral
point for comparison.

500

400

300

200

100

0
-30 -20 -10 0 10 20 30

Vg = -30V 

with porphyrins

Vg = -26V 

Without porphyrins

B(G)

I C
(n

A
)

1.0

0.8

0.6

0.4

0.2

0.0
-20 0 20-30 -10 10 30

I C
 / 

I C
m

a
x

B(G)

a b

Vg = 4V 

with porphyrins

Vg = 6V 

Without porphyrins

Figure 4.4.2: Fraunhofer pattern of sample MC before (blue) and after (red) grafting porphyrins
at different gate voltages (a: negative values; b: positive values, normalized Ic/Imaxc
). All the curves’ minimum is shifted to zero.

105



CHAPTER 4. SUPERCONDUCTING PROXIMITY EFFECT IN MOLECULE GRAFTED
GRAPHENE

resistance is zero corresponds to the lobes of the Fraunhofer pattern. We find that the width of the
principal lobe depends on gate voltage and is wider in the hole doped region (Vg < 0) compared
to the electron doped region (Vg > 0 ). This is illustrated by a strong asymmetry of the gate de-
pendence of the differential resistance measured at 33.6 Gauss (Fig.4.4.3.c). From the color plot in
Fig.4.4.3.a, we can also clearly identify a range of gate voltage between 3 and 10 V for which the
resistance is finite in the domain of magnetic field corresponding to the first secondary lobe of the
Fraunhofer pattern. This is consistent with the observation made at Vg = 4V on the field depen-
dence of the critical current. Since the Fraunhofer pattern is simply related to the Fourier transform
of the supercurrent density through the sample [75], these results show that the deposition of por-
phyrins has induced gate voltage and field dependent supercurrent spatial inhomogeneities along
the axis perpendicular to the current. The main effect could be attributed to the existence of in-
homogeneous gate dependent magnetic regions in the sample but we cannot exclude a signature
of spin orbit interactions. Even more, we measured the gate dependent critical current in different
magnetic field. We show that the asymmetry of critical current in gate can bemodulated by the field
(Fig.4.4.4).

4.4.2 Investigation of a long junction sample

We have also deposited porphyrins on the sample described in previous section with Pd/Nb con-
tacts. In contrast with previous samples in the short junction limit with a relatively large lobe in the
Fraunhofer pattern in magnetic field scale and only slightly sensitive to the presence of magnetic
moment in porphyrins, we find a much more spectacular effect in this much longer sample.

Unipolar supercurrent

Fig.4.4.5 compares the differential resistance (supercurrent) with gate voltage, around 100 mK, be-
fore and after deposition of the porphyrins. Before the deposition, the graphene junction has zero
differential resistance at low dc current, in highly doped regions (away from the Dirac point), both
for hole and electron doping (Fig.4.4.5.a): this is the signature of a Josephson effect. This we have
discussed in previous chapter about the proximity effect in pristine graphene and we attribute the
suppression of supercurrent near Dirac point to the specular Andreev reflexion on the charge pud-
dles. Interestingly, after the deposition(Fig.4.4.5.b ), in the hole doped region(negative gate voltage)
the supercurrent is enhanced. But in the electron doped region(positive gate voltage), the supercur-
rent is strongly suppressed. Only a dip in the differential resistance is visible at low current bias and
high positive gate voltage, but no strictly zero resistance. Fig.4.4.5 c, which displays the critical cur-
rent amplitude as a function of gate voltage, shows how porphyrin deposition turns the behavior
from bipolar to unipolar.
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Figure 4.4.5: Change from bipolar to unipolar induced superconductivity upon depo-
sition of Pt-porphyrin. Color-coded differential resistance as a function of dc
current (x axis) and gate voltage (y axis), measured with a small ac current added
to the dc current. The dark red regions correspond to regions of zero differential
resistance where a Josephson supercurrent runs through the S/graphene/S junc-
tion. Whereas the Josephson effect occurs symmetrically on both sides of the
Dirac point on the pristine, uncoated sample (a, T=200 mK), it only occurs on
the hole doped side (negative VG ) on the sample covered with porphyrins (b, T
= 100 mK). The curves on and to the left of the color plots are the differential
resistance curves as a function of dc current, measured at gate voltages symmetric
with respect the Dirac point. c: The change form bipolarity to unipolarity revealed
by the variations with gate voltage of the critical current, i.e. highest dc current
for which the differential resistance is zero, extracted from panels a and b. Be-
fore (red squares, bipolar) and after (blue circles, unipolar) porphyrin deposition.
d: Differential resistance as a function of dc current and external magnetic field
(applied perpendicular to the graphene sheet), for the graphene with porphyrin
molecules, at VG = −70 V. It is clear that a field as small as a fraction of a Gauss
can suppress the induced supercurrent through graphene, because of destructive
interference between Andreev pairs diffusing across the graphene. This explains
how the porphyrin’s magnetic spins, if they lead to magnetic domains at positive
gate voltage, can create an inhomogeneous magnetic flux sufficient to destroy the
proximity effect, thereby leading to a unipolar supercurrent
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We also investigated the effect of a parallel field effect in the superconducting state. It yielded
surprising results and puzzles.

In this sample with Nb electrodes, we measured the Fraunhofer pattern as a function of the per-
pendicular fieldB⊥ for different values of parallel fields (See Fig. 4.4.6). The black region represents
the interference pattern of supercurrent which is tilted due to the slight misalignment of parallel
field coil. At Bq ≃ 0, the dependences of resistance with B⊥ are symmetric with respect to B = 0
and we see clearly identify the central lobe region of supercurrent due to the Fraunhofer-like inter-
ference (Fig.4.4.6.b, black curve). However, when the Bq is increased, some different features arise.
At high parallel field (Fig.4.4.6.b, blue curve), in contrast with low Bq, the center lobe disappears,
and high order interferences(in high B⊥) appear yielding to SQUID like periodic fringes.

These features are very surprising and they strongly suggest that the in plane field enhances the
higher order interferences. This may be related to the spin-orbit coupling.
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Magnetoresistance in the normal state

In this sample we also find an electron-hole asymmetry in the magnetoresistance (with magnetic
field perpendicular to the graphene plane), presented in Fig.4.4.7. As seen in Fig.4.4.7(b) and (d),
the low temperature magnetoresistance is hysteretic at positive gate voltage (electron doping). This
hysteresis decreases with increasing temperature and disappears above 6 K. In contrast, Fig.4.4.7.a
and 4.4.7.c show that the hysteresis is at least an order of magnitude smaller at negative gate voltage
(hole doping). All these experimentswere done after cooling the sample through the superconduct-
ing transition in zero field, to avoid any contribution from the superconducting contacts. Such a
contribution would anyhow be symmetric in gate voltage.

4.4.3 Highly doped samples

We now discuss the data obtained on initially strongly electron doped samples (chipG92) onTi/Al
contacts for which theDirac point could not be detected down toVg = −40V. This strong doping
was the result of oxygen plasma cleaning of the oxidized Si substrate before deposition of graphene.
(inset of Fig.4.4.8). Once we put the porphyrins, the position of the Dirac point of graphene was
shifted to near zero despite the strong doping. These spectacular observations attest the huge ca-
pacity of charge transfer and neutralization of porphyrins. In this case, the porphyrins play a role of
acceptor of electrons in order to neutralize these graphene samples initially doped with electrons.
We expect a much concentration of ionized porphyrins in these samples compared to the ones dis-
cussed above where the Dirac point shift did not exceed 15 volts in gate voltage. The resistance at
the Dirac point is quite large 40 kΩ which indicates a mobility at least 10 times smaller than for
samples discussed above. As a result we estimate a Thouless energy of the order of 4μeV smaller
than the gap o the contacts. The sample is in the long junction limit. We do not observe a critical
current but only at most a 75% drop of differential resistance at zero bias at large electron or hole
doping. The low fieldmagnetoresistance wasmeasured for different gate voltages. Whereas at large
doping,the magnetoresistance curves exhibit a dip at zero field followed by oscillations characteris-
tic of a Fraunhofer interference pattern, the magnetoresistance is clearly negative close to the Dirac
point and exhibits jumps at well defined values of magnetic field. A large hysteresis is observed at
all doping which indicates that the origin of this magnetoresistance is due to the formation of mag-
netic domains on the graphene sample. Themagnetic response of these domains ismore important
when it is close to the Dirac point. It seems to indicate that it is favored by the presence of electron
and hole puddles.

In Fig. 4.4.8 hysterestic magnetoresistance of one of these samples is shown. A significant hys-
teresis suggests amagnetic order is formed inside the samples probably induced by porphyrins since
similar effect was not observed before putting the molecules.
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Figure 4.4.7: Unipolar hysteresis in the graphene’s magnetoresistance after porphyrin deposi-
tion, at two temperatures, with a field direction perpendicular to the graphene
plane. The hysteresis is quite large at positive gate voltage (electron doping,
b and d) and negligible (at least an order of magnitude smaller) for hole dop-
ing (a and c),confirming the existence of a magnetic order that suppresses the
supercurrent for electron doping. The anomalies at very low magnetic field cor-
respond to the superconductivity of the contacts, and exist both in the electron
and hole doped regions. The reproducible fluctuations at 100 mK are mesoscopic
conductance fluctuations. Interestingly, the amplitude of these fluctuations does
not depend on carrier type, implying that the magnetic spins do not suppress the
superconducting proximity effect via a drastic decrease of phase coherence but
rather because of the magnetic flux they induce.
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This enhancedmagnetic effect is also observed by other group in iron-porphyrin[126] onpristine
graphene with defects. Their studies show that the magnetic ordering between the molecular spins
has been realized either by exchange coupling with the magnetic substrates(in their case Ni is used
as substrate) or by externally applied magnetic field. And also the porphyrins has the tendency to
localize on these defects.

4.5 Discussion

magnetism of ionized porphyrin molecules

We attribute the doping-dependent hysteresis inmagnetic field and the doping-dependent suppres-
sion of Josephson current, to the magnetism of the ionized porphyrin molecules. The absence
of magnetic hysteresis and the large Josephson current in the hole doped region indicate either a
quenched magnetic moment for the porphyrins or a reduced exchange interaction between por-
phyrin’s localized spins and the graphene holes, compared to electrons. Moreover the magnetic
hysteresis in the hole doped region points to the formation of a magnetic order of the molecular
spins, with partially orientedmagnetic domains, generating a non uniformmagnetic field that is re-
vealed by themagnetoresistance of graphene, and explains the suppressed Josephson current for this
doping (see schematic feature in Fig.4.5.1). Indeed, as is shown in Fig.4.4.7d, the induced proximity
effect is extremely sensitive to magnetic flux. A fraction of a flux quantum through the graphene
sheet suppresses the supercurrent, by destructive interference amongst Andreev pairs [76]. Since
the average distance between ionized porphyrins is a few nanometers, our findings suggest a rela-
tively long ranged magnetic interaction mediated by graphene’s conduction electrons or holes.

Gate dependent magnetism - RKKY interaction

The physics ofmagnetic impurities on graphene has led to a variety of interesting theoretical predic-
tions specific to the band structure of graphene. Unlike metals, the exchange coupling in graphene
is expected to be controlled by gating [36]. This effect has two important consequences. First, the
amplitude of themagnetic moment of an individual impurity should strongly depend on gate volt-
age, causing a tunable Kondo effect. Depending on the relative energy of the impurity level with
respect to the Dirac point, this Kondo effect could be strongly asymmetric with gate voltage [56].
Second, the long rangemagnetic Rudderman, Kittel, Kasuya,Yosida (RKKY) interactionsmediated
by the carriers should also be gate voltage dependent. Such interactions have been investigated theo-
retically and numerically by several groups[127, 128]. Characteristic coupling energies in the Kelvin
range are predicted between spins 1/2 a few nanometers apart. The magnetic hysteresis we observe
could then be explained by a spin glass type of order taking place at low temperature. It is how-
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Figure 4.5.1: Schematic model for magnetism in ionized porphyrins.

ever not straight forward to extrapolate the theoretical RKKY coupling between localized spins on
graphene to the situation of Pt-porphyrins, where each spin is delocalized over the entire nanome-
ter sized molecule. This eventual spin glass order of magnetic porphyrins mediated by conduction
electrons is of great potential interest and motivates further investigations of different porphyrin
species, including metal free porphyrins or ones carrying a magnetic atom.

Electron-electron interaction: gate dependent magnetism in graphene

Adatomon graphene can form a local magneticmoment[56, 127]. Thewell-knowAnderson impu-
rity model describes an hybridization of an ion (with energy ε0) with a conduction sea of electrons
via a hopping term (energy V). The conductions have essentially constant density of states (DOS),
thus the impurity ion is strongly interacting. If the ε0 + U (U is the Coulomb energy, which is the
required energy of double occupancy of an energy level in the ion) is larger than Fermi energy (μ),
a magnetic state is possible if U is sufficiently large and/or V is small.

Uchoa et al. calculated for the case of graphene with an adatom[56]. In Fig.4.5.2, it shows the
boundary between magnetic and non-magnetic impurity states as a function of the parameters
x = DΔ/U and y = (μ − ε0)/U scaling both with the Coulomb energy U. Δ = πV2/D2 is the
dimensionless hybridization parameter and D is the band width of graphene, which is not impor-
tant if μ ≪ D[129].

Clearly, when the chemical potential in graphene is tuned, the local impurities can be changed
into magnetic or nonmagnetic states by the application of a gate voltage. The low density of states
around the localized level alsomakes the formation of local moments in graphenemuch easier than
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Figure 4.5.2: Boundary between magnetic and non magnetic impurity states in the scaling
variables x and y for ε0 > 0 (a) and ε0 < 0 (b). Circles: |ε0|/D = 0 : 029,
V/D = 0.14; squares: |ε0|/D = 0.43 and V/D = 0.14; triangles:|ε0|/D = 0 : 029,
V/D = 0.03. The upturn close to y = 1 and x → 0 on panel (b) is not visible in
this scale when V is very small (triangles). From Ref. [56]
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in usual metallic hosts. As a result, the adatoms can achieve high magnetic moments at relatively
small U[56].

4.6 Conclusion
We have shown that grafting Pt-porphyrins onto a mesoscopic graphene sheet leads to signatures
of charge transfer, and that the deposited porphyrins tend to neutralize the charged scattering cen-
ters on the graphene surface. In addition, we have found that the Josephson current induced via
Nb superconducting electrodes in a long junction is suppressed in the electron-doped region, but
unaffected in the hole doped region. We attribute this suppression of the Josephson current to the
formation of magnetic moments on the ionized porphyrins. This magnetism is also revealed by a
sizable hysteretic magnetoresistance in the electron doped region, that is absent in the hole doped
region. Both findings suggest a doping dependent exchange coupling between the localized mag-
netic moments of the porphyrins and the charge carriers in graphene, that can therefore be changed
by gate voltage.

Also the in plane field in the graphene/porphyrins system has unexpected effect. For normal
electrodes, a strong asymmetric and non reproducible magnetoresistance of parallel field suggests a
complex molecules/graphene interaction system. The surprising high order interferences of quasi-
particles in both high B⊥ and Bq may be the signature of the spin-orbit coupling induced by por-
phyrins.
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5
Superconducting proximity effect in Bismuth

nanowire

Proximity effect induced in strong spin-orbit coupling system is predicted to have
much newphysical phenomenas like the formation ofMajorana Fermions, or triplet superconduct-
ing system. Manywork has been done to determine the band structure in both bulk, surface state or
even edge state. In this chapter, wewill present the results of proximity effect in Bismuth nanowires
which suggest that a SQUID structure is formed in S/Bi/S junction.

We investigateproximity induced superconductivity inmicrometer-longbismuthnanowires con-
nected to superconducting electrodes with a high critical field. At low temperature we measure a
supercurrent that persists in magnetic fields as high as the critical field of the electrodes (above 11T).
The critical current is also strongly modulated by the magnetic field. In certain samples we find
regular, rapid SQUID-like periodic oscillations occurring up to high fields. Other samples exhibit
less periodic but full modulations of the critical current on Tesla field scales, with field-caused ex-
tinctions of the supercurrent. These findings indicate the existence of low dimensionally, phase
coherent, interfering conducting regions through the samples, with a subtle interplay between or-
bital and spin contributions. We relate these surprising results to the electronic properties of the
surface states of bismuth, strong Rashba spin-orbit coupling, large effective g factors, and their ef-
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fect on the induced superconducting correlations.
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Figure 5.0.1: High resolution TEM image of a cavity-free region of Bi nanowire.

Samples description

Bi wires were grown from a solution prepared by dissolving 4.8 g Bi(NO3)3*5H2O in 100 ml of
water : ethylene glycol mixture (3:7 vol) (See the Append.A for more details). The high res-

olution TEM images (Fig.5.0.1) and diffraction patterns show that the nanowires are good quality
single crystalline (See Append.A for more details).

Proximity induced superconductivity gives rise to a resistance decrease below the T c of the W
electrodes in five samples out of ten. A supercurrent, corresponding to a zero resistant state, is de-
tectable in three samples. Two other samples display only an incomplete proximity effect: the resis-
tance drop is small (3% - 10%), and turns into a resistance increase (of about 10%) as the temperature
is lowered further.

We will focus on the 3 samples with a detectable supercurrent, which are named as Bi1, Bi2,Bi3.
Also, later, the Bi3 was cooled down to low temperature 3 times more for different orientations
relative to the field. We change its name toBi∗3 because its room temperature resistance had increased
to 27kΩ, may due to the a worsening of the contact to the W electrodes.

5.1 Proximity effect in Bismuth nanowire at zero field

At low temperature(100mK in our experiments), the resistance is dominated by the two probes
resistance of the Bi nanowires. This two wire resistance of wires of similar length and width ranges
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Figure 5.1.1: dV/dI vs DC current at Low temperature zero field (a) and (b) both show
a supercurrent at low current (zero differential resistance) of Bi3 and Bi1. (c)
incomplete superconducting proximity effect in sample UP. Instead of decreasing
to zero, the differential resistance shows a small dip at zero energy.

Table 5.1.1: summary of the RNIc products values and the length of samples.

Bi1 Bi2 Bi3
RN 0.9kΩ 10kΩ 15kΩ
IC 1.7μA 140 nA 70nA
eRNIC 1.53meV 1.4 meV 1.05meV
length 1.9μm 2μm 1.6μm

from 1 to 30 kΩ, indicating that the resistance of the wire/contact interface dominates. This is
compatible with an intrinsic resistance of the Bi wires of only a few hundred Ohms, estimated by
extrapolating reports on much longer wires of similar diameters[34].

5.1.1 supercurrent at zero field

The supercurrent in three samples is detected at low temperature(Fig.5.1.1). It varies between 100nA
and few μA depending on the normal resistance and the contact.

In Tab.5.1.1 we compare the normal resistance and critical current of different samples.
The RNIc product ranges from 1meV to 1.56meV the samemagnitude as the superconducting gap

of theWwires. This is consistent with what is expected for short Josephson SNS junctions with an
induced gap of the order of the gap of the electrode.
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Figure 5.2.1: dV/dI curves at different field of Bi3 The differential resistance as function of
DC current curves are taken at different magnetic field from 0T to 11T at 600mK.
The supercurrent is still very visible at 11T.

5.2 Field dependence of critical current

The samples have a very unusual field dependence of their critical current. Completely different
behaviors compared to W-Au-W junction with same dimensions Au wire[76].

5.2.1 persistent supercurrent up to high magnetic field

First, We find that for all these samples, the supercurrent persists up to very high magnetic field:
higher than 6T for Bi1 and Bi2; higher than 11T for Bi3. In all case those values are merely limited by
the highest field achievable with the superconducting magnet used in the experiment. In Fig.5.2.1
we show the dV/dI curves taken at different magnetic field. At the very high field, the switching
jump is rounded, but the supercurrent is still clear. This is a surprising finding compared to any
other SNS system

5.2.2 SQUID-like oscillations in critical current

The critical current of all these samples are strongly modulated by the magnetic field. Bi1 and Bi3
both show SQUID-like oscillations of critical current in magnetic field. Fig.5.2.2 shows these oscil-
lations at different rang of magnetic field. Surprisingly the SQUID-like oscillations persist up to
several Teslas for 2 samples(6T for Bi1 and 11T for Bi3). The period is about 800G for Bi1 and 150G
for Bi3. The amplitude of the modulations is about 10% of the critical current for two samples at
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low field. At higher field, the amplitude is decreased.

5.2.3 Large range modulation

The critical current of Bi3 is also modulated with a second period of 0.3 T. And for Bi1, Bi2 and Bi∗3
the supercurrent is also modulated aperiodically on the Tesla scale(Fig.5.2.2,Fig.5.2.3). In samples
without SQUID-like rapid modulations, the large field modulation causes a full extinction of the
supercurrent in Bi2 and Bi∗3 , with entire magnetic field intervals having zero supercurrent and finite
resistance.

5.2.4 Different orientations on Bi∗3

We also explored the effect of field orientation on sample Bi∗3 , by measuring it in 3 perpendicular
field orientations, including one along the wire axis (Fig.5.2.4). The field modulation patterns of
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pendent differential resistance and zero bias differential resistance for 3 different
field orientations measured for Bi3* (which corresponds to Bi 3 after warming
up at room temperature. (a) field along the nanowire axis, (b) and (c) field
orientations perpendicular to the wire axis.

the critical current differ. High resistance peaks occur for different magnetic field values (8, 9 and
5 T, see dashed lines in Fig. 5.2.4 a, b and c) The small period, squid-like oscillations of the first
cool-down are not detectable any more in these subsequent cool downs.

5.2.5 Shubnikov de Haas (SdH) oscillation @ 6K

We measure the SdH oscillations of the Bi nanowires above the critical temperature of tungsten
(Fig.5.2.5). The field derivative differential resistance shows a clear oscillation with a period about
0.2 T−1.
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Figure 5.2.5: Magnetoresistance of a Bi nanowire similar to Bi3 measured at 6K, (i.e above the
critical temperature of the W wires ). Inset: the field derivative reveals Shubnikov
de Haas oscillations periodic in 1/B whose period is of the order of 0.2 T−1 which
complete analysis would require a full angular analysis
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5.3 discussion
To understand these unusual features, we first compare them to the ordinary diffusive SNS junc-
tion with a large number of conduction channels. The supercurrent is strongly suppressed bymag-
netic field due to two mechanisms: orbital destructive interference between the quasi-particles go-
ing through the normal part andZeeman effect in electron-hole pair phase cumulation. In the semi-
classic limit(Fermi wavelength is much smaller than all sample dimensions), there is the Aharonov-
Bohm phase difference between different Andreev pairs that follow different trajectories through
the N part. This can cause orbital phase breaking. This orbital dephasing suppresses the supercur-
rent at fields corresponding to a flux quantum through the sample, as observed experimentally e.g.
in Au wires[76].

SQUID structure - edge states

All three Bi samples have an area perpendicular to the magnetic field of 2μm by 100 nm, so that one
flux quantum corresponds to a magnetic field of 50 G, three orders of magnitude smaller than the
supercurrent extinction field found in the experiment. The persistence of supercurrents to field as
high as 10T can only be understood if transport is confined to a very few, quasi ballistic, 1D channels
whose width should not exceed the Fermi wavelength. we can get a possible configuration for the
channels inside of the Bi nanowires: these 1D ballistic channels can form at the edges of particular
facets parallel to the nanowire axis. In Fig. 5.3.1, we show a simple scheme for the edge states sup-
ported SQUID structure inW-Bi nanowire-W. Such edge states could be the topological edge states
of the (111)[130] or (114)[131] surfaces, or of other possessing similar topological properties. Since the
field periodicity of the oscillation corresponds to the enclosed flux between the interfering channels,
themeasured periods of 140G for Bi 3 and 800G for Bi1 would correspond to 1D channels along the
samples axis respectively distant by 70 and 12 nm.

The interpretations suggest meanwhile a distribution of density of current along certain edge(s).
This can recall a recent observation of the periodic oscillations of the Josephson current carried by
spin Hall edge states in a 2D topological insulator connected to superconducting electrodes[74].
We show in Fig. a simulation of the interference between two channels with different g factors.
(produced by Buzdin A. et al.) and also the Fourier transform simulation in farther section.

Zeeman dephasing - large scale modulation

In samples with a very small area perpendicular to themagnetic field, this orbital dephasing is weak,
and the spin phase breaking caused by the Zeeman effect becomes noticeable. The Zeeman effect
causes a phase difference between the electron and hole components of a given Andreev pair, given
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Figure 5.3.1: SQUID structure - edge states W - Bi nanowire - W with edge states(dark
blue lines) on particular facet(light blue) of Bismuth nanowire(yellow represent
other facets). The edge states formed on the particular facet have a enclosed
surface smaller than the entire wire. The magnetic field is in the perpendicular
direction.

by EZτ/~ on a trajectory of length Lt(EZ is the Zeeman energy and τ = Lt/vF is the time for the
quasi-particles across the sample). This leads to a strong exponential supercurrent suppressionwith
magnetic field after summing the contributions of all Andreev pairs trajectories when the number
of channels is large. A similar suppression occurs when the normal sample is ferromagnetic, with
EZ replaced by the exchange energy. Note that this spin pair breaking mechanism does not exist
for triplet pairing. Magnetic field induced Zeeman energy can shift the wavevectors of carriers of
opposite spin at the Fermi level[132, 133]. Within linear approximation, the phase difference accu-
mulated between the electron and hole components of opposite spin along a 1D ballistic trajectory
of length L is

δφ(B) = EZL/(~ · vF)

= geff · μB · B||/(~vF/L)
(5.1)

where L/vF is the time of flight across the wire and B|| is the component of the applied magnetic
field along the spin orbit field. If we use typical Bi surface states parameters (vF ≃ 3 × 105m/s and
geff = 30), we obtain a characteristic modulation period in the Tesla range (order of 1 T).

Aswell as for the three field orientations of Bi∗3 , this difference in interference pattern is expected.
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Figure 5.3.2: Simulation of two 1D channels interference (upper) Experimental results
of Bi3; (lower) theoretical simulation of two 1D ballistic channels interference
in magnetic field by taken into count the Zeeman effect. The high frequency
oscillations is due to the orbital interference between the 2 channels, and the low
frequency oscillation is attributed to Zeeman effect.

Considering the anisotropy of the different facets of Bi and the corresponding different geff values,
this range can vary by more than an order of magnitude. Fig.5.3.2 shows a comparison of theoret-
ical calculation and our experimental results considering the interference between two 1D ballistic
channels[134].

However, the simulation above is without the spin-orbit couping which should play an impor-
tant role in this interference pattern. Considering the strong spin-orbit coupling, the energy band
of the Bi could have spin splitting and the Zeeman effect can tune the phase difference between
particles in different bands with ↑ and ↓ (See Fig. 5.3.3 ).

In this picture, the full extinction of the supercurrent at nearly periodic field values is attributed
to the (2n + 1)π phase differences (with n integer) between the electron and hole components of
the supercurrent-carrying Andreev pairs. Such full extinction (complete destructive interference)
is thus restricted to a single current-carrying channel. This seems to be the case in Bi2 and Bi∗3 ,
since they do not display SQUID-like oscillations (that require two channels). The Bi∗3 behavior
is especially dramatic around 5 T (see Fig. 5.2.4 c and c’), with a zero bias resistance that peaks at a
value even greater than the normal state resistance.

The traces of the π junction or φ junction

Some of our results implies really exotic properties of Bi nanowires related to the strong spin-orbit
coupling.
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Figure 5.3.3: Zeeman effect in strong spin-orbit coupling system (left) Spin splitting due
strong spin-orbit coupling, without Zeeman effect, the constructive interference
is still conserved between the electrons in ↑ band and ↓ band; (right) Spin-orbit
coupling + Zeeman effect can induce a phase accumulation between two electrons
which is related to the shift in wavevectors.

Minimum of the Ic oscillations at zero magnetic field

As we presented, we observed a SQUID-like Ic oscillations in 2 samples with different periodici-
ties. If one looks carefully at the zero field regime, one always finds a minimum of the oscillations
(Fig.5.3.4). This simple results actually implies a very surprising physical phenomena: an intrinsic π
phase shift in the S/Bi/S junction. The vortex seems not enough to explain a 400Gauss shift in field
(for Bi1) and the reproducibility in two samples. However the full understanding of this π shift is
missing here. One of the possible configurations is that one of the S/1D channel/S junctions holds a
π phase, thus a π junction[135]. But theoretical support is strongly needed to understand the origin
of this π phase shift.

Magnetic field enhanced supercurrent

Another important finding is the enhancement of the critical current by the magnetic field. The
critical current of Bi2 at 5 T is twice the one at zero field (see Fig. 5.2.3 (a)right or (b) left). A similar
but smaller increase between 0 and 0.75 T is also seen in Bi3 . This increase of supercurrent with
magnetic field may be attributed to the strong spin-orbit interaction, as predicted in the context of
φ junctions[136, 134].
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Figure 5.3.4: Minimum of the Ic oscillations at zero magnetic field (a) and (c) show the
field dependence of the critical current of Bi3 around zero field; (b) for Bi1. (a)
is taken by scanning the dV/dI(IDC) curves at different field value. The blue line
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Shapiro steps

When a radio frequency source is applied to the superconducting Bi nanowires, the Shappiro steps
are observed (Fig.5.3.5 for Bi3). The positions of the steps correspond to hf=2neV, in which the
factor 2 is due to Cooper pairs in the ordinary superconducting state.

5.4 Conclusion

In this chapter, we have shown evidence of quantum interferences in Bi nanowires based Josephson
junctions which persist up to very high magnetic fields. Sample dependent periodic oscillations of
the critical current reveal complex interference patterns involving both orbital and spin degrees of
freedom between a small number of strongly confined 1D channels possibly located at the edges
between facets of different crystalline orientations along the wires. The physical origin of this con-
finement of induced superconductivity in such quasi one-dimensional channels is not yet well un-
derstood. In particular, we hope to be able in future studies on single crystals of knownorientation,
to disentangle the role played by the crystalline structure of the wires from the existence of a high
spin orbit coupling. It is also possible that this confinement is favored in the S state by the high
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magnetic field which is known to induce inhomogeneous superconductivity in 2D superconduc-
tors with large Rashba spin orbit interactions [137].
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6
Conclusion and outlook

In this thesis we investigated graphene and Bi nanowire systems by inducing superconducting
proximity effect in them. Typically the samples are realized in the form of S/N/S junction.

The special properties of these systems are revealed by observing some unusual proximity effect in
them. The interplay of the superconducting proximity effect and other effects (spin-orbit coupling,
Zeeman effect, quantum Hall effect, impurities, etc...) at the mesoscopic scale gives rise to new
physics. Some of our main results are listed below.

Graphene

The full eRNIc vs ETh diagram in diffusive S/G/S junction

We succeeded to induce superconducting proximity effect in the very long junction limit, thus com-
pleting the diagram of the superconducting proximity effect in graphene. Since by changing the
gate voltage, one changes the carrier density in graphene and eventually the transport characteristic
quantities (le, ETh etc...). we could scan a whole range of Thouless energy. We present a diagram of
eRNIc vs Thouless energy (ETh) compared to theoretical prediction. In this diagram, we see clearly
how the Thouless energy dependence of the eRNIc products varies from the long junction limit to
the short junction limit.
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The discrepancy (mainly due to the imperfect S/G interface) between theory and experiment is
also limit dependent: in the short junction limit, the eRNIc products are smaller than the theoretical
prediction (with a perfect interface) by a factor of about 3-4; in the long junction limit, however,
the disagreement is increased to about 100. We show that the factor deduced from the junctions in
different limits is length dependent. This can be explained by the effect of finite transmission at the
S/G interface in both the critical current Ic and the induced mini-gap in the graphene.

The indication of specular Andreev reflection (SAR)

Particularly in the long S/G/S junctions, we observed an unexpected suppression of supercurrent
near theDirac point of graphene. Inmany reported experiments (for short junctions), in this regime
of gate voltage, the supercurrent was shown to be robust regardless of the presence of the charge
puddles. Excluding the thermal effect and finite transmission, we attribute this suppression of Ic
near the Dirac point to the special specular Andreev reflection (SAR) in long graphene junction.
The SAR actually separates the trajectories of the electron and the hole in one Andreev quasi-
particle pair, finally destroys the constructive interference between the Andreev Bound states in
an S/G/S junction.

Injection of Cooper pairs in the Quantum Hall regime

The interplay of the superconducting proximity effect and the quantum Hall effect was also inves-
tigated in this thesis. By using superconducting electrodes with high critical field (Hc) to contact a
graphene sheet, the injection of Cooper (Andreev quasi-particle) pairs into graphene in quantum
Hall regime becomes possible. We found a zero-bias conductance increase at the edge of the QHE
plateaus and some dip features at zero bias of the dV/dI(IDC) curves between two QHE plateaus
which is always a peak for the curves taken on the plateaus. This is an indirect indication of the
presence of the superconducting proximity effect. The difficulty of this experiment is the two-
probes sample configuration in which one measures a combination of ρxx and ρxy. Certainly better
configurations proposed in the outlook should be tested in future.

Graphene grafted with Pt-porphyrins

Positive and negative charge transfer

By grafting the Pt-porphyrinmolecules on graphene, we first observed at room temperature a shift-
ing of Dirac point of the graphene to zero gate voltage from/to either electron doping or hole dop-
ing thus a charge transfer between the graphene and the porphyrins in both directions. Actually,
this is the first time that a dual direction charge transfer induced graphene doping is reported. This
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may open a new possible application research approach to the controllable graphene doping. This
wet grafting technique, different from the evaporation deposition of molecules, would allow the
pretreatment on many different kinds of nano-devices. How the dual direction charge transfer
happens is still not clear from the point of view of the LOMO-HUMO structure, since the gap
of LOMO-HUMO band of Pt-porphyrin is 2eV, much higher than the gate tunable energy in
graphene. But the universal energy level alignment at the organic-metal interface may be the an-
swer to this puzzle.

Gate dependent magnetism and unipolar supercurrent

One of the important consequences of the charge transfer is that when the molecules are ionized ,
a collective magnetic order can be formed by the long range RKKY interaction: the magnetic mo-
ments interact via the carrier in graphene. This effect is detected by a hystereticmagnetoresistance of
the graphene in a perpendicular field and the asymmetric magnetoresistance in parallel field. Even
more striking, the observation of an unipolar supercurrent in S/G/S junction implies that thismag-
netism induced by porphyrins is gate dependent. The theoretical calculations byUchoa et al. using
the Anderson model indeed find that the gate voltage should tune the impurities in graphene be-
tween non-magnetic state and magnetic state[56].

Bi nanowire

1D ballistic edge channels on certain facets of Bi

The experimental results on Bi nanowires, especially the field dependence, are very interesting. The
SQUID-like oscillations persist up to 10 T and thousands Gauss range modulation in Ic hint to a
complex physic in the W-Bi nanowire-W junctions.

The results are consistent with a SQUID structure consisting of 2 edges channels which could
have an Ic oscillationwith period defined by the area between the two edges, typically the size of the
nanowire. The origin of the edge states formation is attributed to the strong spin-orbit coupling
in Bi[131], that leads to the quantum spin Hall state. This is very similar to the experiment in other
QSH systems, like HgTe/(Hg,Cd)Te quantum wells[74].

The thousandsGauss rangemodulation is the consequence of the interplay between theZeeman
effect and the proximity effect. The phase accumulation in an Andreev quasiparticle pair is Δφ =

geff · μB · B||/(~vF/L)which is of the order of few thousands Gauss. In one particular sample (Bi2),
a full modulation of the critical current with about 1 T range is observed. This is similar to the
proximity effect in S/F/S junctions which suggests a 0−π junction transition. In fact the proximity
effect in Bi nanowire can be summarized as 3 effects:
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Orbital dephasing due to the interference between the edge states: φ0/S ∼ 10mT. S is the area
enclosed by the edge states.

Zeeman dephasing Zeeman field induced phase accumulation between electron-hole pair. Δφ =

geff · μB · B||/(~vF/L). If we take some typical values for the quantities, one gets a 1 T range
modulation of critical current in field.

0− π junction transition combined with a strong spin-orbit coupling, the S/Bi nanowire/S junc-
tion shows a possible 0− π junction transition.

Outlook

In this thesis, we use the superconducting proximity effect as a powerful tool to probe systems of in-
terests. It turns out it can revealmore interesting properties of these system thanusual normalmetal
contact transport measurement (of course, normal metal contact are still an important reference to
compare the results). Sometimes, these results in different systems could also improve the under-
standing of the superconducting proximity effect itself. We made improvement experimentally to
the understanding the physic in topological systemwith induced superconducting properties, even
in high magnetic field. Beyond this thesis, certainly, many paths will be followed and extended.

For the graphene, some better configurations for measurement are proposed:

SSNN and graphene-SQUID configurations for SPE in QH regime

The combination of superconducting proximity effect and QHE is still very interesting and fun-
damental question. Since the Hall bar structure is hard to make in proximity effect experiment
(the 2 electrodes have to be close enough to get a complete proximity effect), we need a reference
measurement to calibrate transport properties in the ballistic QH edge states. So a simple configu-
ration is proposed here by just making 2 superconducting electrodes and 2 normal metal electrodes
on the same graphene flake (Fig.6.0.1). The shape of the graphene should be regular (rectangle
would be better). Naively supposing that the transport properties (disorder, mobility..) on the
same graphene flake should be very similar, then the difference between the results from the two
superconducting electrodes and 2 normal metal electrodes may reveal the superconducting coher-
ent properties induced by the electrodes. Graphene based SQUID is also a good configuration to
probe the coherence in the QH regime. To do so, one needs also a good highHc material.
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Figure 6.0.1: Proposed SSNN and graphene-SQUID configuration. a) 2 superconducting elec-
trodes and 2 normal metal electrodes. b) Graphene-SQUID using high Hc super-
conducting material.

Figure 6.0.2: Measurement schematics for the non-local spin Hall measurement. Inset:
schematics showing the deformation of the graphene hexagonal lattice due to
hydrogenation. From Ref.[139]

Spin Hall effect measurement

As we stated at beginning of Sec.4, the motivation of the porphyrins on graphene experiment is
to investigate the spin-orbit coupling induced by the Pt atoms. We could not conclude from the
experiments that we have on this point because of the observation of an unexpected gate voltage
dependent magnetism. We observed an unusual interference pattern in Nb long junction sample
by applying both perpendicular and parallel field (Sec.4.4.2, Fig.4.4.6). Since the effect is not strong
enough to be revealed only by 2 wires measurement, we should consider a Hall bar structure[138,
139]. Because the non local measurement on Hall bar structures should help us to distinguish the
contributions of SOC from the induced magnetism.
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Figure 6.0.3: Bi nanowire based high magnetic field SQUID. a) Configuration of the critical
current calibration with Al2O3 junction-W constriction based asymmetric SQUID.
b) the critical current oscillation. about 10% modulation. (Done by A. Murani and
R. Delagrange) c) Final configuration for the current-phase relation measurement
in Bi nanowire.

Current-phase relation measurement in Bi nanowire

Many exciting experiments can be done with Bi nanowires. The possible 0− π junction transition
is one of the most interesting physic to probe. Then a current-phase relation measurement should
certainly be done in near future. The first step (done by A. Murami and R. Delagrange Fig.6.0.3.a
and .b) was to make an asymmetric SQUID consisting of a W constriction weak link in parallel
with a normal tunnel junction by FIB (Fig.6.0.3).
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A
Sample fabrication and characterization

A.1 Graphene suspension
To improve the quality of graphene, many methods are suggested. The main stream is in two di-
rections:

• graphene on high quality single crystal boron nitride (hBN), which decouples the graphene
from the SiO2 substrate and has (so far) a best lattice matching to graphene. So the graphene
on hBN flakes is like a “free” sheet.

• Suspended graphene. Ideally the graphene is only fixed at two (or more) terminals without
any coupling to the substrate. Themechanical vibration resonance in graphene is possible in
this configuration.

We succeed tomake suspended graphene sampleswith superconducting electrodeswith different
methods (Fig.A.1.1).

A.1.1 LOR resist technique

One method to realize the suspension of graphene is the “LOR substrate” method which is first
introducedbyTombros et al.[140]. FigureA.1.2 shows themainprocedures in the fabrication. LOR
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Figure A.1.1: SEM picture of sample G46LOR. Graphene is suspended with ReW electrodes.

resist is based on polydimethylglutarimide. The parameters and performances can be find at LOR
resist.

Since the LOR resist has a different exposing dose and developer solution to PMMA or MMA
polymer, one can proceed a standard lithography on top of LOR resist by using PMMA. The key
point in this fabrication method is the exposal dose. For a single PMMA layer, 300μC/cm2 is the
typical dose for the first lithography. Then to remove the LOR resist underneath of graphene, 700
μC/cm2 can be used.

One of the problem with this technique is that the graphene is always polluted by the resist and
becomes very doped and disordered. One can barely see the gate effect at room temperature within
a variation about 10V. That’s why we also tried another technique with which the graphene is com-
pletely supported by metal electrodes without any resist underneath.

A.1.2 PMMA/MMA double layer technique

This double layer technique is first introducedby . Weadapt it to superconducting contactsmaking.
The main steps for PMMA/MMA bilayer suspension technique is described in Fig.A.1.3. First

we spin PMMA on the Silicon chip by choosing a suitable parameter for the thickness. Then the
graphene is exfoliated on the PMMA layer. Once the graphene flakes are located, we coat the chip
with another layer of MMA copolymer. Then a standard lithography step is carried out. After the
lift-off, all the polymer layer will disappear and the graphene should be suspended completely by
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Figure A.1.2: Schematic procedures for graphene suspension on LOR substrate. 1. the
graphene is directly exfoliated on the chip covered already by LOR resist. Then
another layer of PMMA is spinned on it.2) a standard lithography procedure on
top of LOR resist by using PMMA as the mask layer. 3) after deposition of the
metal contacts, one proceed the lift-off of PMMA layer and finally the contacts re-
main on top of LOR resist layer. 4) another lithography step on the part between
2 electrodes and the LOR under the graphene is removed after the development
(of LOR resist). Finally graphene is suspended between 2 electrodes.
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Figure A.1.3: SEM picture of sample G56MMA. Graphene is suspended with PMMA/MMA
bilayer technique. Finally the graphene is suspended by only metallic electrodes.

Figure A.1.4: Schematic procedures for graphene suspension with PMMA/MMA bilayer. 1).
the graphene is directly exfoliated on the chip covered already by PMMA resist.
Then another layer of MMA is spinned on it. 2) a standard lithography procedure
on top of the bilayer resist. 3) after deposition of the metal contacts, one proceed
the lift-off of PMMA and MMA bilayer and finally the contacts remain and
support the graphene suspension 4) side-view of this structure.
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the metal electrodes.

A.2 Pt-porphyrin molecules

PtII tetrakis (4-carboxyphenyl)-porphyrin[141](15 mg, 10.8 μmol) was dissolved in NMP (4 ml). S-
acetylcysteaminehydrochloride (13.54mg, 86 μmol), benzotriazol-1-yloxytripyrrolidinophosphonium
hexafluorophosphate (Py-BOP) reagent (44.7mg, 86µmol) anddryDIEA (30µl, 172 µmol)were se-
quentially added and the resulting reactionmixturewas stirred at room temperature for 4 h. The re-
action was checked for completion by TLC (CH2Cl2 /MeOH, 96:4, v/v). Thereafter, the crude was
diluted with AcOEt (40 ml), washed by aq. 10% citric acid (40 ml), aq. sat. NaHCO3 (40 ml) and
brine (40 ml). The organic layer was dried over Na2SO4 , filtrated and evaporated to dryness. The
resulting residue was purified by chromatography on a silica gel, eluent (CH2Cl2 /MeOH: 100/0 to
97/3) , yielding porphyrins as a brown-orange solid (9.9 mg, 7.1 μmol, yield = 66%).1 H NMR (300
MHz, CDCl 3 ): δ = 3.64 (s, 3H), 3.85 (t,J = 5.1 Hz, 2H), 4.16-4.19, (m, 2H), 8.09 (s, 8H), 8.15-8.23
(m, 12H), 8.70 (s, 4H).MS (MALDI-TOF)m/z = 1387.26 [M]+ , calculated forC64H56N8O8S4 Pt:
1387.28 g/mol.

A.3 Bi nanowire

Nanowire fabrication

Bi wires were grown from a solution prepared by dissolving 4.8 g Bi(NO3)3 ∗ 5H2O in 100 ml of
water : ethylene glycol mixture (3:7 vol). This electrolyte was used earlier in Ref.[142]. In contrast
to other typical electrolytes for Bi deposition, it contains neither chlorides nor complex forming
molecules. Metal growth was templated using polycarbonate track-etched membranes (09-300-51
Whatman, No. WHT110405) with a nominal pore diameter of 100 nm.

Before electro-deposition, a 100-200 nm thick gold contact was fabricated on one external sur-
face of a membrane by either thermal evaporation or magnetron sputtering. The three-electrode
cell used for electrochemical experiments contained the metalized membrane at the bottom, the Bi
reference electrode on the cell axis, and a Pt wire ring as a counter electrode located in parallel to
the surface of the working electrode, to provide homogeneous current distribution. Potentiostatic
deposition (-0.2 V vs Bi in the same solution) was carried out at room temperature, with current
and charge monitoring. Deposition was stopped when a sharp current growth started, which in-
dicated that some wires were close to the upper external surface of the membrane. According to
gravimetric analysis and scanning electron microscopy (SEM), the current efficiency was at least 95

145



APPENDIX A. SAMPLE FABRICATION AND CHARACTERIZATION

Figure A.3.1: SEM picture and pore size distribution of the Whatman membrane used for the
growth of Bi nanowires.
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Figure A.3.2: TEM image of Bi wire demonstrating the typical variation of contrast (white
arrows) and cavities (black arrows).

%, and the membrane filling with wires was typically ca. 50 %. After the electro-deposition process
the samples were shortly washed by deionized water and were dried in air at ambient temperature.

X-Ray diffraction (XRD) of a membrane filled with wires confirmed that crystalline trigonal
bismuth (JCPDS No. 44-1246) is deposited. XRD did not detect any byproducts. The polymer
template was dissolved in dichloromethane, with several subsequent washing procedures. Finally,
in order to obtain the suspension of Bi nanowires, the sample in H2Cl2 was treated by ultrasound
during 3-5 seconds. The suspension containing a small amount of residual polymer was used for
wires immobilization either on the grids (for TEM and electron diffraction (ED) characterization),
or on silicon/silicon oxide wafers (for SEM and transport measurements).

Transmission electron microscopy characterization

The observed diameter of wires is in the 100 – 150 nm range. For any given wire, the diameter
variation along the wire does not exceed 10 – 20 nm. The observed diameter of Bi nanowires is
larger than the pore diameter of track-etched membranes which means that the wires are covered
by an extra 10 to 20 nm thick layer as discussed again below.

Typical micro-structural features observed for all wires are (1) local variation of contrast (white
arrows in Fig.A.3.2) and (2) faceted cavities with characteristic size of the order 10 nm (black arrows
in Fig.A.3.2).

To clarify the nature of observed structural features, selected area electron diffraction patterns
were collected (Fig.A.3.3). The obtained data confirm the absence of high angle boundaries in the
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Figure A.3.3: TEM image of the region with several cavities (left) and electron diffraction
pattern obtained for this region (right).

vicinity of both contrast variations and of the cavities.

The attempts to confirm this result by direct imaging of atomic planeswere strongly complicated
by the large thickness of the wires. By the way, no high angle boundaries were found at this stage in
TEM images with atomic resolution. Fig.A.3.4 displays such an image of a region without cavities,
which demonstrates the high crystal quality of the nanowire core. The external, ca. 10 nm-thick,
amorphous layer observed for this particular wire can consist of either Bi oxidation products, or
residual polymer originating from the template. According to Ref. [142], the oxide formation at
the surface of wires deposited from water-ethylene glycol electrolyte was only possible after heat
treatment. However oxide can be formed due to hydrolysis of the Bi(3+) ions in the course of
sample washing (in which case no Bi from the wires would be consumed for oxide formation.)

Micro-structural features (black and white arrows on Fig.A.3.2 are typical for Bi wires deposited
from various electrolytes and with the use of various templates (polymer track-etched membranes
or porous anodic aluminum oxide films). Namely, in Ref.[143] the cavities are evenmore frequent,
and at least some of them are located near twinning planes (i.e. low angle boundaries). Cavities and
contrast variation are easily seen also in the images reported inRef.[144]. In that reference the wires
are declared to be single crystalline on the basis of selected area ED experiments along a single wire.
For our wires, the selected area electron diffraction also demonstrated that orientation of crystal
planes is similar for the fragments on either sides of the cavities. It was possible to determine the
exact crystallographic orientation of 10 such nanowires. This orientation was found to be sample
dependent, with no preferential axis.
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Figure A.3.4: High resolution TEM image of a cavity-free region of Bi nanowire.

Scanning Electron Microscopy of the FIB connected samples

ScanningElectronMicroscopy (SEM)of themeasured samples (Fig.A.3.5) reveal an irregularly shaped,
polymer-like, coating around the nanowires, which we attribute to incompletely dissolved carbon-
ate membrane. We believe that this coating protects the bismuth from fast oxidation. SEM and
EDX (Energy Dispersive X-Ray spectroscopy) also confirmed the absence of W contamination of
the substrate beyond 300 nm away from the electrodes. Note that other attempts to connect the
nanowires with standard lithography techniques after ion (Argon, ion ) etching of the contact re-
gion failed.

A.4 Superconductivity of the ReW electrodes
ReW is supposed to sustain the superconductivity at high magnetic field. While measuring the
sample, we tested the critical current of a ReW wire as a function of magnetic field. The critical
current was larger than 3μA at 55 mK at 7.5T (Fig.A.4.1).
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Figure A.3.5: Left: SEM image of two of the measured samples connected for transport mea-
surement, using Focused Ion Beam-induced deposition of tungsten. The small
fragment in parallel with the Bi3 wire is not electrically connected to the wire,
because of the insulating coating around the wires. Right: SEM image of Bi
wires on the same substrate as Bi1, illustrating the irregular-shaped coating that
can be attributed to polymer residues from the polycarbonate membrane, and
that protects the wires from fast oxidation.
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Figure A.4.1: Differential resistance of a ReW wire at different magnetic field, low temperature.
(Inset) Critical current of two ReW leads.
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B
Supplementary transport measurement

B.1 Highly disordered graphene and indication of a gap
opening

We measured the transport properties of the sample G92 presented in Sec. It turns out that the
graphene sheets are all highly disordered. We attribute this to the plasma treatment.

Fabrication

Monolayer graphene is exfoliatedontooxygenplasmapretreatedSiO2 substrate. Theoxygenplasma
is the crucial step in sample preparation. 10 min plasma etching on the surface of SiO2 substrate.
Then standard electron lithograph process is carried on the sample. Ti/Al is deposited as metal
contacts by e-beam evaporation. (Ti 6nm and Al 70nm).

Measurement before grafting porphyrin molecules

After lift-off step from hot acetone, the samples are measured under probe station with lock-in at
17Hz. Most of the samples show nice gate dependence by a factor to 5-10 between the resistance of
charge neutral point and of doped regime. Several R(VG) curves are shown below:

(Fig in the small PC)
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Figure B.1.1: Gate dependence of samples on chip G92. All of them are highly doped and
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Figure B.1.2: dV/dI curves for different samples before putting porphyrins.

However one night after that (samples are kept in vacuumbox during the night), all samples’ DP
are strongly shifted to negative gate voltage and resistance is increased about 1 order:

Even we increase the gate voltage to -40V, the DP is still missing.
Samples are cooled down to mille kelvin level by wet-H3/H4 mixture dilution fridge. Al elec-

trodes become superconducting at about 1.3K. We found in several samples a dip at the zero bias,
which is the indication of superconducting proximity effect.

QHE

We apply perpendicular magnetic field up to 11T and observed interesting magnetoresistance and
QHE. Firstly, the samples seems to present a Dirac point around -20V. Because the ν = 2 plateau
(identified by the resistance), is presented the right of the DP. Actually, all the plateaus at the elec-
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Figure B.1.3: QHE of the 4 samples on chip G92. From the VG = 20V, the

tron doped regime are presented with the right values.
However at another side(hole doped regime) the resistance is very high. As the samples are highly

doped, we can barely have second filling factor by sweeping the gate. Some of the samples show a
plateau at the position of v=2 (XZ). But the resistance values are not correct. They aremuch higher
than expected value( 13kΩ). This may be attributed to a gate dependent additional resistance in
graphene which should correspond to the disorders.
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